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SUMMARY (English)

In this thesis, the feasibility of utilizing energy crops (willow and miscanthug) and agricolture residues
(wheat straw and corn stalker) in an anaercbic digestion process for biogas production was evaluated.
Potential energy crops and agriculture residues were screened according to their suitability for bicgas
production. Moreover, pretreatment of these biomasses by using wet explosion method was studied and
the effect of the wet explosion process was evaluated based on the increase of (a) sugar release and (b)
methane potential when comparing the pretreatd biomass and raw biomass. Ensiling of perennial crops
was tested as a storage methed and prefreatment method for enhancement of the biodegradability of the
crops. The efficiency of the silage process was evaluated based on {2) the amount of bicmass loss
during storage and (b} the effect of the silage on methane potential. Co-digestion of raw and wet
explosion pretreated energy crops and agriculure residues with swine manure at various volatile solids
(VS) ratio between crop and manure was camied owt by batch tests and continuons experiments. The
efficiency of the co-digestion experiment was evaluated based on (z) the methane potential in term of
ml CH, produced per g of V3-added and {b) the amount of methane produced per m’ of reactor

volume.

Meany crops can be used as substrates for bipgas produetion. Within this project, the apricuiture ie.
residues wheat straw and corn sfalker and energy crops i.e. willow and miscanthus were primarily
selected due to their biomass production rate (i.e. tha) and most importantly these crops are easy to
cultivate {n the northern part of Europe. The methane pofential of these crops, as determined in
laboratory methane potential test, indicated that comn stalker gave the highest methane potential, which
was 399 ml per g V8-added. For wheat straw and miscanthus was 260 and 268 mi per g VS-added,
respectively. Crap willow had the lowest methane potential among these crops, which was ondy 150 ml
per g VS-added.

The optimal wet explosion pretreatment condition for each crop was camried out by adjusting the
parameters of the wet explosion process i.e. temperature, pressure, retention time, amount of oxidation
agent (Ha0Q;} and the total solids {TS) concentration of the bieinass. The results showed that afler wet
axpiosion pretreatmeni 46, 27, 19 and 12% of the contained sugars became soluble for corn stalkers,
miscanthus, wheat straw and willow, respectively. Subsequently, the methane potential of these
pretreated crops was tested. It was found that, although a high release of soluble sugars was observed
after wet explosion, the methane yield { CH4 per ¢ V5-added) obtained from the wet-exploded crops
was slightly lower compared 10 the rew biomass, Only willow showed an increase of §0% in methane
potential, Teking the energy consumption during the wet explosion process into account, this
pretreatment method is still energetically profitable for biagas production from willow.



Ensiling of willow and miscanthus with and without biological addifives (lactic acid bacteria LAB) was
tested 10 silage periods betweeni 1 to 5 menths, Within 5 months, willow and miscanthus lost 2 and 3%
of its weight, respectively. The methane potential test on silage willow indicated that the
biodegradability of willow was enhanced during the ensiling process, and the methane potential of
silage willow {3 months} was 209 higher than that of raw willow, No significant change of the
methane polential was observed when ensiling miscanthus, Moreover, ensiling of willow and
miscanthus with additives showed no advantages in either biomass losses or methane potential
compared to the ensiling process without additives.

Batch experiments on co-digestion of swine manure with various biomasses at different VS ratio
indicated that the balance of carbon: nitrogen (C: N ratio) played the most imporiant role in the co-
digestion systen. When the VS concentration of manure was fixed, the lower crop input, the higher
biogas yield in term of ml CHy per g VS-papeq, and higher crop input, the higher volumetric reactor
productivity in term of m® CH, produced per m’ of reactor working volume. However, continuous
reactor experiments using manure richer in nitrogen than the manure used in the hatch tests showed an
increase in both methane yield and volumetric reacior productivity, Co-digestion with a TS ratio of
1:1.5 (manure: wheat straw} resulted in a 23% higher methane vield and 111% higher productivity,
when compared to those of a TS ratio of 1:1.



RESUME (Dansk)

Brug af encrgiafgrader (pil og clefantgras) og landbrugsaforsder (hvedehalm og majsstengler) i
samudradning med gyile til biogasproduktion er evalueret i denne afhandling. Mulige energiafgroder
og afgradeaffald blev sereenet for deres anvendelighed i biogasproduktion. Forbehandling af afgrader
nied vad explosion (WE) blev studeret og effekliviteten evalueret baseret pa (a) sukkerfrigarelse og (b)
metanpotentialet. Ensilering af fleredrige afgreder blev testet som lagrings- og forbehandlings —metode
for at age bionedbrydeligheden og effektiviteten af ensileringsprocessen. Effektiviteten blev evalueret
baserst pa () biomassetabet og (b) metanpotentialet af den behandlede biomasse sammeniignet med
den i biomasse. Samudridning af rd eller WE-energiafgreder med svinegylle med varicrende VS-
forhold { volatile solids)  fia afgrode og gylle blev udfert med baich forssg og kontinuerlig
eksperimenter. Effelten af samudradning blev evalueret baseret pd (a) metanpotentialet i form af ml
CH4 / V8- 0g {b) den totale metanproduktion per m® reaktorvolumen.

Mange afgreder kan bruges som substrat til biogasproduition. I dette projelt blev affald som
hvedehaln og majsstengler sant energiafgreder som pil og elefanigras primert valgt pga. deres
biomasseprodukiionrate og da de nemt kan kultiveres i Nordeoropa. Metanpotentialet af disse afgrader,
bestemt ved laboratorietest, indikerede at majsstengler gay 399 ml per ¢ VS. For hvedehalm og
elefanigrass var resultatet henholdsvis 260 ml og 268 ml. Pil bavde det laveste potential af' 150 m,

Den optimale WE betingelse for afgrederne blev fondet ved justering af parametre som femperatur,
tryk, opheldstid, mengde af H202 (oxidant} og biomasseterstof (T%). Resultaterne viser at for
majsstengler, eiefantgrees, hvedehalm og pil, hlev frigiort henholdsvis  46%, 27%, 19% og 12%
sukkerinhcldet. Efterfelgende blev metanpotentialet af de WE behandlede biomasser besternt, Det blev
fundet at, selvom hayj frigevelse af oploselig sukker blev opniet efter WE, var metanpotentialet lavere i
forhold til den ra biomasse med undtagelse af pil, for hvilket metanpotentialet blev aget med 80%, som
got det enregimaessigt rentabelt at bruge WE for pil.

Ensilering af pil og ¢lefantgras med eiler uden biologiske additiver (malkesyrebakterier LAB) bley
testet i ensileringsperioder mellem 1 og 5 méneder. Bide pil og elefantgras tabte 2 og 3% af vegten
inden for 5 maneder, Milingen af metanpotentialet pd ensileret pil viste, at hionedbrydeligheden af pil
blev forbedret under ensilerings-processen. Metanpotentialet af ensileret pil (3 mineder) var 20%
hajere ¢end af rd pil. Ingen veesentlige sndringer af metanpotentislet af ensileret elefantgras blev
observeret i forhold il ri elefantgraes. Desuden viste ensilering af pil og elefantgres med additiver
ingen fordele i bade biomassetab og metanpotentiale i sammenlipning med ensileringsprocessen uden
tilsemingsstoffer.



Batch cksperimenter med samudradning af svinegvlle med forskeliige afureder 1 forskellige VS
forholdet mellem svinegylle og afgrader viste, at balancen mellem kulsiof og kvzlstof (C: N-forheld)
har spillet den vigtigste rolle: Ved en fastsat mengde af tilsat gylle, steg metanudbytien {i form af ml
CH4 / g ¥S} 1 takt med lavere tilfujelse af afgreder. Derimod gave en hojere tilfojelse af afgrode en
hgjere volumetriske reacter produktivitet i form af m3 CH4 produceret per m3 reakiorvelumen. Dog
kan en hojere input af afgreder ogsd forbeje bide metanudbyttet og den volumetriske
reakiorproduktivitet, hvis kveelstof koncentrationen af gyllen er hej: En kontinvertig reaktorforseg med
samudrddning som brugte gylle med et hejers kvelstofindhoid end gyllen brugt i batch forsegene, viste
at et TS forhold af 1:1.5 {gylle: hvede halm) gav en 23% hejere methanudbytie og en 11 1% hojere
volumetrisk reaktor produldivitet sammenlignet med et TS forheld af 1:1.



INTRODUCTION TO THE THESIS

Methane production through anaerobic digestion of orgamic materials is a robust technology for
renewabie energy Methane can be used for the replacement of for fossil fuels in both heat and power
generation and as well as a vehicle fuels, thus contributing to the gresnhouse gas emission and slowing
down the climate change, Currently, 22 large-scale biogas plants are under operation in Denmark and
the construction of new large-scale facilities is on the way. These plants have been playing and will still
play the major role In cleaning up the environment. All these plants are based on mamure as main
substrate, but their economical profitable operation relies on the addition of other homass products
with a high biogas yield. The biogas vield from raw manure alone is only 20-3¢ m*# while the
operation is only profitable when biogas yields higher than 30 m’/t can be achieved. This is currently
done by addition of industrial organic waste materials such as fat studge or fish oil. However, the
volume of these waste streams is lanited and almost all of these wastes available in Denmark have been
curtently treated in the existing biogas plants and some of the biogas plants have started to impert high
potential organic wastes (Danish Energy Agency, 1995),

Especially with the installation of further biogas plants, the positive economy will rely on the
addiiion of high potential waste types. The addition of energy crops or crop residues with a high biogas
potential is, therefore, very attractive in order o improve the economy of the plants. Furthermors, using
the existing biogas plants for the production of bio-fuel from energy crops or crop residue is a low-cost
way of renewable energy production. Introducing energy crops or crop residues into the biogas
preduction i combination with mamure does, furthermors, ensure the valorization of fhe process
eifluent as fertilizer product. However, to implement this idea for industriel seale production, there is a
need for detailed investigation on the effect of the addition of the crop biomasses and the optimization

of the anactobic digestion process.
The main objectives of this study are:

o Reviewing the different contro! parameters of anacrobic digestion process and different pre-
treatment methods of energy crops in the last decades

o Investigating the energy balance and cost-benefit analysis of biogas production from perennial
encrgy crops pretreated by wet oxidation

o Characterizing and identifying the most premising agriculture residues and energy crops
suitable for farm- and centralized-scale biogas production

o Evalating the effect of wet explosion as a pretreatment method on biogas production from
different crops



o Investigating the biogas yield of co-digestion of swine manure with agriculture residue wheat

straw at different ratio
o Investigating the effects of ensilage process as a pretreatment and storage method on methane

preduction from perennial crops.
According to the ohjectives, the results of this study were included in the following papers:

Paper 1 i5 an introduction te the anaerobic digestion process and different pretreatment methods of
crops by reviewing previous studies within this research filed. {The results inciuded in the paper
were carmied out by both literatire review and laboratory experiments by the student).

Paper 2 presents the experimental results of wet-explosion pretreatment of wheat straw under various
conditions, and the results of co-digestion of wheat straw fegether with swine manure vnder

thermophilic conditions (55 °C).

Paper 3 displays the experimental results for co-digestion of swine manure with different crops (with
and without wet explosion pretreatment) at varions TS ratio between manure and crops. The
results were obtained in both batch and continuous experiment.

Paper 4 presents the resulis for strategies, energy balance and cost-benefit analysis of biogas
production from perennial energy crops pretreated by wet oxidation.

Paper 5 presents the experimental results for ensilage of perennial crops willow and miscanthus for 1,
3 end 5§ months with and without biolegical additives.



Paper 1

Biogas production from energy crops and agriculture residues: a review

Guangtao Wang and Jens Ejbye Schimidt

Prepared for submission in Waste management & Research



Biogas production from energy crops and agriculture residues:

a4 review

Student: Guangtas Wang
Ph.D studert

Supervisor: Jens Ejbye Schmidt
Head of Program, PRD.

Bloenergy and Biorafinary Program, Bicsystems Division
National Laboratory for Sustainable Energy, Risg-DTU
Technizal Univarsity of Denmark

Frederiksborgve] 395 = P.0.B. 49

4000 Roskilde Denmark



TABLE OF CONTENTS

1. INTRUDUCTION, i.couiiasissnrissnansanmassrnanes " P
2. ANAEROBIC DIGESTION OF BIOMASS. ....oovvrvvvane - 4
2.1 ANABETDIC diDBaTION. o reerreieir s errrsressemeremiereeere e es e s eerssame s e st sse o assss s enepesssaa1e b panenneemnsnnsnnannsengener il
2.2 ANGer0obic diZestion TBACION. .. ... ere e rreee e see e s re e eeassis e saaesas sasar s nesrbrasarasrrasarasses as snne 6

A2 F Cortintous BErred Bamk FOuior. . oo e eae et et eeseet et eeamrensan e e en e een &

2.2.2 Upflow amaerobic gromdar sTdge FRACIOT ... e e rar s 5
2.2.3 Configuration of anaerobic (Imestor. ..o iveiens e et sis sttt et e b s 7
2.3 Single -phase and two —phase trealment. .. ... e s sesrses rr s B
2.4 TEIIPEIAIUTE, 1.1\ cvvrcsssssraeessasssorsarraherbe sonssnsmrses s as s ot b4 0S40 4 30 2B 2 78604850 b st b0 e D

3. SELECTIONS OF BIOMASS FOR METHANE FRODUCCTION, - 10

4. PRETREATMENT OF CROPS INTENDED FOR METHANE PRODUCTION. ............... 13

4.1 Review on different pretreatmeit mMethods. . v i riienies e s essessss s ressersrassssenss |
L Tt U PR 14
» Steam prefreatmenty EXPIOSIOM. .........coiiiiie ottt b baaae et saare bbbt b v ens 15
@ ACIHR PretrealmERrt. (..ot aee e et ee e ettt 15
8 AV PTetre@EmEmth. ... o cceccoccvitvesscrees i veses s et senee s s s et et et s ean e teassree e e e ea e s is
& PV Er-ORi OO PFEEAIMIERL . ..covvissiierrs vinsessveras iees s s eaet s e mas 24028 a2 b dar b e b e aet me a2 bt i7
8 W et-cXPloSIon PREIFEMIINERE . ......_ o\ iveeevees eeees s ceeer et et st aess st te e sa s s mans s et st s s s 8
8 ST DS PPCIVEIINCHT .o oot ctettiaii e rress s ere et e et re S 1ot 1o eha et e e armae e 21

4.2 Summary of pretreatment methods. .. .. ... oo e e 23

3. CODIGESTION OF SWINE MANURE WITH CROFP RESIDUES AND ENERGY CROPS
L1l !iiiiii#i!l!#lzs

T IR I LTI o P i o el Tk

6. CONCLUSIONS - 27

ACKNOWLEDGMENT... ass T . 27

REFERENEES!‘O#I!I. IR R R L R L L N e T T T T R L R R R R LR R L L E R I P e E T TR LTI, [} -'st



1. Introduction

Due to that the amount of fossil fuels is limit and and the relative price are increasing, alternative
renewable resources such as bioenergy, wind or solar power have been developed or promoted from
last decades. For wind or solar power, they are often limited by climate or location and seasons.
Therefore, bic-energy will be one of the most sigrificant renewable energy sources for next few
decades®. Bicenergy can for example be obtained by anaerobic digestion of erganic compounds to
methane rich biogas. Biogas can be used in replacement for fossil fuels in both heat and power
generation and as 3 vehicle fvel. In comparison with the other renewable energy sources, the
advantages of the technelogy are: 1) environmental friendly due to the reduction of the CH,y and CO,
emission; 2) suitable for most locations and climates around the world; 3} mature technology and easy
to operate the process, In 2007, was there approximate 4,242 fann-s¢ale and more than 26 centralized
biogaz plants in EU treating agricultural residuals alone or codigested together with different industrial
organic waste for the purposes of waste treatment and biogas production. The to1al energy production
from these biogas plants in EU in 2007 was estimated to approx 50 PJ”', In Europe, several type of
anacrobic reactor are designed and applied for treatment of different organic waste and wastewater. For
instance, conventional continucusly stimed tank reactors (C3TR) are broadly extensively used for
treatment of liquid livestock waste™- | sewage sludge and the organic fraction of houschold solid
waste” . Conventional reactors with recycling like the contact process is typically used for treatment of
sewnge and other wastewaters . Upflow anserobic sludge blanket (UASB) reactors ave typically
applied for treatment of waste water from food and paper industries ™ ™, while ansercbic filters with
fixed or suspended beds are used for industrial waste water treatment or sanitation of landbll leachates
77,78

At present, most of the biogas plants are run either at mesophilic temperature (35-37°C) or
thermophilic temperature (52-35°C). Initially, thermophilic process was tend to be more sensitive to
different process parameters like high ammonia content in the digester or organic loading rate
compared to mesophilic process’’. However, increasing lmowledge about the microbislogy of the
thermophilic anaerchic microorganisms improves the possibility of controlling the operation at
thermophilc process. Previous studies have confirmed that the thermephilic process is as efficient and
stable as the mesophilic process if maintained correctly ™ *>*'. The advantage of thenmophilic process
is that degradation of the substrate is substantially faster under thermophilic conditions than
mesephilic. This means that the slodge retention time can be shotier in a thermophilic plant than in a
mesophilic plant”". Moreover, themophilic digestion has been demonstrated as an efficient mean fo
destroy pathogens ® * % and in coherence with the new and more strict legislation in some countries



congerning the level of pathogenic microorganisms in the digested effluent when applied as fertilizer,
the thermophilic anserobic digestion will probably be more promoted in the future®.

[n Denmark, there are about 22 centralized and 56 farm scale biogas plants currently under
operation. Most of these plants use animal mamure {mainly swine and cattle) as the primary feedstock,
and more than 2.1 million fons of animal manure is treated annually "' Due to the low organic matier
coutent {around 5% for swine manure and 8% for cattle manure) of the animal manure™, the
economically profitable operation of these biogas plants reliezs on the additon of other hiomass
products with high biogas yields. The biogas yield from manure typically ranging from 18 to 20 m’A
while the operation is only profitable when biogas vields higher than 36 m’4 of treated material can be
achieved undet Danish conditions™. This is currently done by additien of industrial organic waste such
as fat shadge or fish oil. Therefore, the Investigation of other biomasses to be codigested with maniire i3
of great interest. In addition, many wastewater plants in Denmark use anaerohic digestion to stabilize
the sewage sludge.

Recently, codigestion of animal waste with energy ¢rops or crops residues iz gaining attention in
many parts of the world. Crop residues such as com stalker and straws are produced in iarge quantities
in both European conntries and rest of the world every year, it has been estimated that within the
agricuttural sector in EU, 1,500 million tons of crops could be anaercbically digested each vear, and
half of this potential accounted for energy crops ¥, Crops like com stalker or straw, due io their organic
nature, can be valuable alternative feedstock for biogas production . The concept of codigestion
animal manure with different crops is not new. In early 1980s Hills, Roboert and Hashimoto reported
that in codigestion process, manure could provide buffering capacity and wide range of nutrients, while
the added plant material with high carbon content could improve the carbon/nitrogen ratio, and hereby
decreasing the risk of ammonia inhibition to the digestion process * ¥ %, These positive synergistic
affects were considered providing potential for higher methane yields™, Because of its large
unexploited potential for biogas productien via anaerobic digestion, crop residues certainly deserve
more research attention for being used as a feedstack for co-digestion with animal manure™. On the
ather hand, cultivation of perennial energy crops such ag switchgrass, wiliow and miscanthus has been
recognized require much less of energy to plant, nutrient and pesticide supply compared ta annual crop
hke com. Initially, energy crop willow was bumnt for energy production and miscanthus for bicethanol
production *™*. But using willow and miscanthus for biogas production has rarely been investigated.
However, one of the major problems encountered while digesting these crops is the low digestibility
due to their lignoceliulesic composition. Therefore, io improve methane production from these ctops, a
suitable pretreatment method is needed fo break the lignocellulosic structure and make the embedded

. ‘ 12,13, 16,19
sugar polymer bio-gvailable .



Preset study covers same of the recent research in biogas production from different energy crops and
agricolivre residues with main focuses on: 1) the importan! parameters of cheosing erops for biogas
production; 2} the different pr-treatment methods for crops intended for biogas production i.e.,
pretreatment of the crops physically, chemically, biclogically or as combination of theses; 3} siralegies
for codigestion of swine manure with energy crops and other agriculture residues.

2, Apaerobic digestion {AD) of bipmass
2. 1. Anaercbic digestion

Anaerobic digestion includes a series of biclogical processes in which microorganisms breakdown
biodegradable matetial in the absetice of oxygen. [t has been nsed for industnial or domestic purposes to
treat waste and fo produce encrgy. The process produces a methane and earbon dioxide rich biogas
suitable for energy production. After anasrobic digestion, the murient-rich digestate can be used as
fartilizer, Thete are a number of microorganisms that arg involved in the anaerobic digestion systam.
During anaerobic digestion, the biomass imdergoes a numbers of different processes and is converted
to intermediate molecules such as sugars, hydrogen, and acetic acid before converted to biogas. Fig. 1
shows the different stages of anacrobic digestion occurring in anaerobic biogas reactors ™% 3% %
Stage I, hydrolytic and fermenting bacteria break down large organic polymers into their smaller
constituent parts. These constituent parts or monomers such as sugar are readily available by other
pacteria. The process of breaking these chains and dissolving the smaller molecules inte solution is
called hydrolysis. Acetate and hydrogen produced in Stage I can be used direcily by methanogens.
Other molecules such as volatile fatty aeids (VFASs) with a chain length that is longer than acetate —e.¢.
propionate and butyrate must first be cataboelised into compounds that can be directly utilised by
methanegens, This takes place in Stage 10, which is called acidogenesis, where there is further
breakdown of the remaining components by acidogenic (fermentative} bacteria. Here YFAS are created
along with amtnonia, carbon dioxide and hydrogen sulfide as well as other by-products. The third stage
of anaerobic digestion is called acetogensis. In this stage, simple melecules is oreated and further
digested by acetogens to produce largely acetic acid as well as carbon dioxide and hydrogen. Stage Vi
is the last stage which is called methanogenesis. Here methanogens ufilise the intermediate products of
the preceding stages and convert them into methane, carbon dioxide and water. It is these components
that make up the majority of the biogas emitted from the system.

In reactors with well balanced micrebial communities, anaerobic degradstion of complex organic
matter oceurs without accumulation of reduced intermediates, It has been shown that a sudden increase



of hydrogen concentration in the reactor can cause buildup of volatile fatty acids creating instabilities
and lead to digester failure **

{ Carbohydrates, Fats, proteins ]

U
[ Sugars, Fatty acids, Amino acids ]

i

Carbonic acid, Alcohols, Hydrogen
Carbon dioxide, Ammonia

Ha, €05 ;—[ Acetic acid

\ . /

Fig.1. Biolegical and chemical stages of anaerobic digestion oceurring in anaerobic biogas reactors

1 Bacterial lydrelysiz of the inpedt materiols in ovder 2o break down irsoluble orpanie polvners sich as cavboldrares and
migke them qugilable for other bacieria. I Acidogenic bacteria then convert the sugars @nd amino acids inte carbon
dioxide, hpdrogen, ammonia, ard organic aoids. I Acetogenle bacteria then comvert these vesuliing organic acids fnto
geetic acd, along with addifional ammoitia, ivdregen, and carbor daxide. IV, methanogens comvert kydvogen and acefic

acid 1o methane and cavbon Howide™



2.2 Anaerobic digestion reactors
2.2 1, Coniineous stirved tank reactor (CSTR)

Anaerobic CSTR reactor {Fig. 2 a) i a continuous reactor, which is used most frequently with liquid
substrate in the range of 2-8% of total solids (TS) conceniration, but it can handle more solid reactions
as well in the range of 16-22% of TS concentration’. However, all the anaerobic CSTR reactors have
the satne components, an inlet part that brings #ll the substvate into the digester at a regulated rate, &
digester with a stirrer inside that rotates around to mix the substrates, and finally an outlet part, through
which the digested substrate can be exited from the reactor. The rates of the inlet and cutlet must be the
same to keep the working volume of the digester steady. To run an anaerobic CSTR reactor for biogas
production, there are several indicators such as biogas production, pH and concentration of VFA that
can be used to exam the initial failure of the reactor. The rationale for the use of theses parameters is
that the unbalance due to adverse operation normally gives accumulation af infermediary products,
especially VFA and decreased gas production %™, A lowering of the pH can be cansed by increased
concentration of organic acids in the absence of sufficient buffering capacity. These indicators thus
provide information on an ongoing reactor fathare, which may have progressed beyond the point which
would allow for control measures. The indicators may be adequate for detection of gradual changes
leading to slowly progressing reactor stress, but may not be suited in cases of more harmful condition
requiring a prompts cotrective response” .

2.2.2 Upflow anaerobic gramidar sludge (UASE) reactor

UASB reactor (Fig. 2 b) is one of the most popular high-rate reactors for anaserobic biological
treatment of wastewater. UASB reactors represented 41% of all full scale industrial anaerobic
wastewater treatment plants in 1983, Sirmilar to CSTR reactor, UASB reactor includes an inlet and an
outlet, but the digester is divided into four compartments: 1) the granuiar sludge bed, 2) the fluidized
zone, 3) the gas-solids separator, and 4) the settling compartment™. Granilar sladge ¢an be naturally
formatted during treatrment of soluble substrate in reactors operating in up-flow manner-. Organisms
of both genus methanosarcing and methanosaeta have been found to play an important ole in
formation and maintainance of methanogenic granules in UASB reactor.

UASB reactors are most frequently applied for industrial wastewater™”, and typically suited to dilute
waste water streams or liquid manure {3% TS with particle size < (.75mm) * Therefore, in Denmark
mast of the organic wastes with high TS concentration (marmwe shirry or primary sludge) are treated by

CS5TR reactors.
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Fig. 2. CSTR and 1JASB reactor iltustrate figure

2.2.3 Configrration of anaerobic digester

+ Feeding methods: Biomass substrates with TS of 12% or less normally are handled and fed
mto the digesters by pumps; these feeding pumps can be used for external stiming digesters.
Biomass substrates with TS higher than 12% are typically fed into digesters by screws,

s+ Pasteurization: Besides the effect of the temperature in the digester on pathogens and weed
seeds, additional pasteurization maybe needed - especially for ceatralized biogas plants, where
typically the digestate 15 distributed to farms. For some animal by-products pressure
sterilization is needed in order to use these as subsirate in biogas plants™.

+ Stirring systems: For many years the biomass inside the digester has been one of the critical
points for eptimizing the operation of biogas units. The many different substrate nised do indeed
have different characteristics, potentially resulting in the formation of floating layer or
sedimentation. So the sticring systemn must be designed in accordance with the planned use of
biomass substrates.



« Handling of digestate: The fraditional way of wiilizing digesiate as a bio-fertilizer is weli-
documented, the breakdown of the organic substance in the substrates typically resulting in the
mineralization of the nutrients, thus making these more easily available to the plants. Hansen et
al. *® reported that in the biogas reacior biomass is broken down and convert into biogas. During
that process organic nifrogen is converted inte plant available ammonium, which means that
content of plant available ammonium in digested manure is higher than in untreated manure.
Moreover, when organic matter is broken down in the biegas reactor, the viscosity of the
manure decreases, and manure becomes a very fhud, that infilirates the soil relatively faster
application. In the soil the ammonium is protected from ammonria volatilization, and the

fertilizer value in the manure is maintained,
The information above is mostly concluded by Danish agriculture advisory service 2007.7!
2.3 Single-phase and two—phase treatment

In a two-phase digester, the undigested subsirates from the first phase can be digested in the second-
phase digester, carrying out the same reactions as the first phase but running at a different retention
fime or temperature. For easily digesting biomass, a two-phase reactor can have a lower overll
tetention time than a single-phase. The second phase could be a stirted tank or a plug-flow digester or
an anaerobic filter. A two-phase digester is a mechanically similar system of fwo stirred-tank
digesters, In this process, fermentation and methanogenesis are separated by using different retention
times. Liquefaction and acidification of the substrate are accomplished m the first reactor, while only
methanogenesis takes place In the second reactor. It was first promoted by Ghosh et al.® in 1975 for
the combined digestion of sewags sludge and municipal solid waste, The total digestion time was
considerably lower than the conventional single-phase digestion, Some kinetic considerations argue in
favor of the two-phase approach when optimal growth conditions for hydrolytic and methanogenic
bacteria are considered®, Two-phase AD of the organic fraction of MSW was studied by Hofenk ot
al.®?, who concluded that there was no difference in the biogas vields between single-stage and two-
phase systems. Unless the hwdrogen produced in the fermentative phase can be collected and
transferred to the methanogenic phase, a loss of potential CHy oceurs. This twe-phase system is
technologically feasible, but an assessment of the economic feasibility is more ¢complex and has to be

reviewed for arty given situation,

Recently, Winterberg, Secla and Wilke 20067 defined three main concepts for digester/ reactor
configuration; !} One siage methanogenic system. This system can be used for both plants and animal
manure. The hiomass is pumped direetly from a storage tank (in the case of animal manure) to the
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digesier, whereas the more solid energy crops are typically fed direefly into the digester (s). And the
bio-fertilizer is transferred/ pumped directly from the digester (s) to the post storage tanks; 2) Fivo-
stage methanogenic systery. In this system, the biogas production takes place in two digesters nmning
serially (tnain and post digester). The main digester has a high organic loading rate and shori retention
time. The main function of the main digester is equalization, homogenization and solids degradation,
while the post digester is typically run with longer retention time, thereby obtaining the remaining part
of hiogas potential. 3} Two stages configuration with separated acidification phase. This system can be
applied on anaerobic treatment of waste water or in the field of municipal waste digestion, but has
hardly ever been applied in the agriculture sector.

2.4 Temperature

There are two conventional operational temperature levels for anaerobic digesters, which are
determined by the species of methanogens in the digesters®. Mesophilic digestion takes place
optimally around 37-41°C or at ambient temperatures where mesophiles are the pomary
microorganism present. Thermophilic digestion takes place optimally around 5)-55°C and even at
elevaied temperatures up to 70°C where thermophiles are the primary microorganisms present.

Traditionally, AD was mostly applied in the mesophilic temperature range of ambient tempemturs and
up to 37°C. Thennophilic ptocess was once believed to be less stable and more rapidly to process
failure. Throughout the receat 20 years, however, more and more thermophilic biogas plants have been
established and nowadays most of the centralized biogas plants in Denmark are operated under
thermophilic conditions, proving that stable thermophilic digestion is no loager a problem®,
Thermophilic operation offers the advantage of a higher reaction rate, causing a more prefitable
process with a lower retention time.

Operaticn at higher temperatures facilitates greater sterilization of the end digestate, In countries where
legislation, such as the Animal By-Products Regulations in the Evropean Union, requires end producis
fo meet certain levels of reduction in the amount of bacteria in the output material, this may be a
benefit™, Thermaphilic operation leads to a better hygenisation of the waste material than mesophilic
treatment. Typical pathogens found iIn mamure are ehminated within some howrs of thermophilic
treaiment at the biogas plant, while they may survive for longer perieds in digester tanks which operate
at mesophilic lemperatures. The 90% decimation time for a number of pathogenic bacteria wag less
than 1.2 hours at 53°C, while it was between 0.9 and 7.1 day at 35°C*. Fecal conliforms could not be
detected in the effluent of the thermophilic process whereas the original wasle contained 3x10° CFUl/g
TS (CFL: colony forming vnits) and conventional aerobic compost produced in windrows from the
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same original material s6ll counted 2x10% CFU/g TS® . Kubler™ has reported that after addition of
pathegen seeds of Sofmonella bphimurivm, Escherichio coli and Candida albicans none of these
indication microorganisms were detected after 11 h of thermophilic treatment at 55°C while up to 18-
10° CFU ml were detected in a reference batch of the pathogen-infected waste afier storage at room
temperature. The thermophilic process was also shown to be useful for weed seed elimination®™.
Additiongl freatment at higher temperatures can be bencficial for further sanitation. In Denmark, a
treatment of household waste at temperatures more than 70°C for 1 hour is required if the waste is used
as fertilizer for consumable crops™.

3. Selections of biomazs for methane production

In general all kind of organic substances can be used for biogas production. Different input materials,
however, sirongly differ in energy content and digestion suitability, beth of which affect biogas yield.
Fig. 3 shows the typically chain for producing methane through anaerobic digestion from energy crops
and agriculture residues: from the production, animal feed, manure coliection and harvested of crop
biomass, to storage and pretreatment of the biomass, produetion and utibization of biomass, storage,
post-treatment of the digestate, and finally retuming the digestate back to the crop production area as
fartilizer and soil-improvement medinm.

Crop Harvesting, Animal | Animal » EnErgy
cultivation feed manure
F
. Storage of
Harvesting, Size | Storage || Preteest | | Biogas digested, post
reduction ment production ~biogas
pretreatment
+
Fertilizer Past
treatment |* '

Fig. 3. The chain for producing methane through anaerobic digestion from eneriry evops and agriculture

residucs.
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For choosing energy crops for methane production, the most important paramefer is the net energy
yieid per hectare, which is defined mainly by biomass yield and convertibility of the biomass to
methane, but the energy cost of cultivation and pretreatment has to be take into account, The methane
vield on V§ basis is also an important parameter to identify the promising crops (Table 1), but solid
coritent and crop yield on the field are what will matter at the end when choosing a crops for biogas gas
production, For instance, there are some ¢rops have high methane vield on a VS-added basis, such as
rhubarb at 0.49 m® CHykg VS added™, but it has low solid content, that results in a lower methane
vield per hectare in the range of 800-1,700 m® CHy/ha. Compars the methane vield on VS basis, com
stalker gives much lower methane yield than rthubarb in the range of 0.270-0.29%8, but 5,300-12,390 m’
methane can be obtained per hectare. Crops can be pbtained in two ways'. The first one is from
agriculiure residues such as wheat siraw, comn stalker or garden waste, these blomass residues and
waste are the hy-products from agricultuee, forestry, forest, or agriculture industries and houssholds.
Crops like cornstalic and wheat straw are easy to cultivate and produce in large amounts. Morsover,
they have the advantage of being familiar to farmers and suitable for harvesting and storing with the
existing methods and machinery. The gecond way is from dedicated energy crops. These crops are
crown first and foremost for energy. The ideal energy crop has efficient solar energy conversion
resulting in high vield, needs low agrochemical inputs, has low waier requirement, and has low
moismre level at harvest, Plants with pereomial growth habits such as miscanms and switchgrass are
particularly promising, and have the advaniages of low establishment cost (when average across the
rotation) and greater resilience in drought. Perenmial crops like willow and miscanthus have been in
focns in Denmark, They have a high yield potential, low peed of fertilizer and in an established crop
there are none or very little needs of pesticides. Both crops are able to reduce the leaching of nitrate and
thereby protect the ground water. So far willow is the only crop grown at a ¢ommercial scale in

Denmark .

In the southern part of Demark, crop residues (com stalker and wheat straw) and energy crops {willow
and miscanthus) were collected in the middle of august. The methane potential of each crop was carmed
out under the condition of (.5 cm {particle size}, 55°C, 6% (TS concentrationy, 60 days (retention {irne)
and 117 1l {volume of the batch reactor). As shown in Table 1, all these crops show high methane
potential except willow, which gives only .12 m* CHykg VS added. For crop com stalker, wheat
straw and miscanthus, methane potential is 0,40, 0.26 and 0.27 m® CHuo/kg VS added, respectively.
Therefore, erops like willow needs to be more preireated in order to bave higher methane potential.

(See chapter 4)

11



Table 1. Methane potential from different craps and crop residues

E]

Biomass Reactor type '~ LCH4 k-l V$- Country References
Alfalfa BA {124 DE 41
Clover BA 0.2%-0.3% AT 42
Oats, straw BA 0.32+0.02 FI 43
Sugarbest leaves CSTR 017022 DE 41
Corm stalker BA 0.27-0.29 DE 41
Ryegrass and clover C5TR 0.45+0.035 NZ 44
Lupine BA 0.360.04 Fi 43
Marrow kale Ba (h314+0.02 FI 43
Tall fescue BA 0.33-0.34 Al 45
Vetch BA 0.32 DE 41
Giant knotweed BA 0.17 FI 46
Festlolium BA 0.32-0.35 AlT 45
Rapeseed BA 0.24+),02 Fl 43
Grass BA 0.29-0.31 DE 41
Cocksfoot BA 0.33-0.34 AU 45
Vetch - oat BA 0410062 FI 47
Grass, lawn BA 0.30:+0.04 FI 47
Grass, fresh BA 0.23:0.03 FI 47
Sugarbeet leaves BA .20 DE 41
Corn stalker BA 0. 40005 DK *
Wheat straw BA 0.260.02 DK *
Miscanthus BA 0.27+0.03 DK -
Willow B4 0.12+0.01 DK *

" Batch assavs” Continuously stivred temic reactors. = Results carried out in Riso-DTU/

4. Pretreatment of crops intended for methane production

The structure of energy crops or agriculture residues mamly consists of celhiloge, hemicellulose and
lignin (Fig. 4), i.e. lignocellulose. In addition to these compounds, crop biomass can contain e.g. non-
structural carbohydrates such as glucose, fructose, sucrose and fructans, proteins, lipids, exiractives and
pectin'?, Lignin is not degraded in anaerobic conditions, and the rate and extent of lignocelluiose
utilization is severely limifed due to the intense cross-linking of cellulose with hemicellulose and
lignin, Mereover, the ¢rystalling strusture of cellulose prevents penetration by micr-organisms o
extracellular enzymes'. As the rate-limifing step in anaerobic digestion of solid materials such as
energy crops and crop residues is hydrolysis of complex polymeric substances ™% one way of
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improving the methane production from anacrobic digestion of lignocellulosics is to pre-reat the
substrate in order to break the polymer chains to more easily accessible soluble compounds.

Figure 4: Lignocellulose Crops structure and pretreatment

An ideal pre-treatment would increase surface area and reduce lignin content and crysiallinity of
celinlose', Pre-treatments can be carried out either physically, chemically or biologically, or as
combinations of these ', Pre-treatments have been quite intensively studied for facilitating the
enzymatic hydrolysis and consequent #thanol production from lignocellulosic substrates=, but there is
less information available on the effects of prefreatment crops biomass for biogas production.

4.1. Review on different pretreatment methods

* Size reductipn: Biogas yield can be improved by reducing the particle size of the ¢rop bioinass
because size reduction can increase the available surface area and release the intracellular
components™. The studies on the effect of particle size reduction on biogas potential conducted
by Sharma et al ** and Kaparaju et al* (Table 2) indicated that, in batch experiment with wheat
straw, rice straw, mirabilis leaves and dump grass, biogas yields increased with decrease in
particle size, but the difference between the smallest particle sizes fested {0.088-0.40 mm} was
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small. Biogas potential test on oats, grass hay and clover indicated that there was ne difference
of biogas production observed between particle size of 5, 10 and 20 mm on oat, whereas the 10

Table 2 Biomass size reduction pretreatments associated with improvement in methane yield for

ligmocetlulosic biomass.

Pretreatment CH4 potential (m3
methads Craps Particle side (mm) CH4/kg VS added) Reference
Wheat straw 150 .13 25
L1 6 {Lz[} L1}
" 1 0.24 "
" 0.4 .23 "
" D088 .23 "
" 20 0.26 "
" 5 .33 "
Rice straw 150 0.24 "
" & 0.35 "
" 1 {.36 "
" 4 0.37 "
" 0.088 0.37 "
Mirabilis leaves B0 50 0.29 "
" 6 033 "
Mechanical " | 0.13 "
size reduction r 0.4 0.34 -
{mm) " 0088 0.34 "
Dhup grass 30 .14 "
" & .21 :
" 1 0.21 "
" 0.4 0.23 "
" 0.083 0.23 "
Qats 20 0.25 26
o 1] 025 "
" 5 0.26 :
Grass hay 20 .27 "
" 10 Q.35 "
" 3 0.32 "
Clover 20 0.21 "
" 10 0.14 "

un 5 0.2 rt
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mm particle size was found optimal for grass hay and least optimal for clover. However, all
these fests were performed in laberatory biogas potertial tests, on the basis of which it is
difficult to determine the importance of particle size for full scale operation.

Steam prefregiment/steam explosion: Tt is one of the pretreatment in thermal! pretreatmeni
category, During steam pretreatment the biomass is put in a large vessel and steam with high
temmperature {up to 240°C) and corresponding pressure, is applied for few minutes. Afier a set
time, the steamn and pressure is released and biemass is quickly cooled down. The objective of
the steam pretrestment/steam explosion is fo solublize the hemicellulose to make the cellulose
better accessible for enzymatic hydrolysis and to avold the formation of inthibiters *. A recent
study from Alexander Bauer et 2l.”® reported that steam pretreatment of wheat straw undet the
condition of 170°C and10 minutes can increased the biogas yield by 31% compared to untreated
straw’". Another study form Liu et ai.'™, steam explosion pretreatment of mumicipal solid waste
under the eondition of 240°C and 5 minutes biogas yield increased 40%. However, steam
prefreatment includes a risk on production of compounds like furfural, HMF, and soluble
phenolic compounds. These compounds are inhibitory to the methane preduction. The biogas
producing bacteria are however capable of adapting, at least to & certain concentration, to such
compounds'™ "% ', Moreover, steam prefreatment inchides a risk on condensation and
precipitation of soluble lgnin components, making the biomass less digestible, and therefore
reducing the biogas production.

Acitd pretreaiment: The pretreatiment can be done with dilute or strong acids. The main reaction
that occurs during acid pretreatment is the hydrolysis of hemicellulose, especially xylan as
glucomannan is relatively acid stable. Solublized hemicelluloses (oligomers} can be subjected
to hydrolytic reaciions producing monomers, furfural, HMF and other (volatile) products in
acidic environments'™'®. During acid pretreatment solublized lgnin will guickly condensate
and precipitate in the acidic environments'®'”?. The solublization of hemicellulose and
precipitation of solubilized lignin are more pronounced during strong acid pretreatment
compared o dilube acld preireatment. For methane production, acid pretreatment of
lignocelluloses material is one of the attrachive methods because methanogens can handle
compounds like furfural and HMF {0 a certain concentration. Study from Weiping Xiac and
WilliatnW. Clarkson'™ reported that acid protreatment of newsprint under the condition of
acetic acid concentration of 35%, 2% nitric acid and boiling for 30 min, The biogas vield fiom
treated newsprint bioconversion increased nearly thres times over thal of untreated newsprait in
a 60-day test. However, the major drawback of this pretreatment method, particuiarly at low
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pH, is the formation of different types of inhibitors such as carboxylic acids, furans and
phenolic compounds'® "% If the concentration of these compounds is high they usualty inhibit
the microbial growth and fermentation, and this will result in lower productivity of biogas.
Therefore, the pretreatments at low pH should be selected propery in order to aveid or &t least

reduce the formation of these inhibitors ',

Alkaline prefreatment. During alkaline pretreatment the first reactions taking place are
solvation and saphonication. This causes a swollen state of the biomass and makes it more
accessible for bactetia @, Application of alkaline sohations such as NaOH, Ca{OH): (lime) or
ammonia to remove lignin and a part of the hemicellulose, and efficiently increase the
accessibility of enzyme to the cellulose. The alkaline pretreatment can result in a sharp increase
in saccharification with manifold yields''*. Using alkaline pretreatment of biomass for biogas
production was studied by several authors, 2.2 a treatment of waste-activaled sludge with 03 g
NaOH/g volatile solids (V8) at 130°C for 5 mmn resufted in 40-50% schibilization of ¥S and
more than 200% improvement in methane production compared o the control experiment ''*
' Experiment from Lehtomiki et al. ' reported that pretreatment mixture of sugar beet tops
grass hay straw at condition: 2% NaOH 24 bours and 72 hours, the biogas production was
increased 9 and 17% respectively, condition at 3% Ca(OH)+4% NaCOQs; 72h, the biogas
production was also increased 17% compared to untreated biomass (Table 3% Study from
Frigon J-C et al.”® mported that alkaline pretreatment of summer and winter switchgrass under
the condition of 7 g/ NaOH for 3 hours can increase the biogas production maximum 32%
{Table 3).
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Table 3 Chemical pretreatments associated with improvement in methane yield for ligmocellulosic

bipmass.
CH4 potential {m3 CH4/kg
VS added)
Pretreatment Pretreatment Before Adter % CH4
methods Crops condition pretreatment  pretreatmen  Increase  Reference
Sugarbeet tops
(arass hay
Straw Alkalis 0.23 0.25 9 19
" 2% NaOH 24h 023 .25 o "
" 2% NaOH 72h 0.23 .27 i7 "
384 Ca(OH)
Chemical 2+4% Naz CO3
pretreatment " 72h 023 027 17 "
xvlanases,
" cellulases 0.23 0.27 17 "
Summer
switchgrass 7 gL Ma>H 3h n.r. 038 0-132 6
Winter
switchgrass 7 g/ NaOH 3h nr. 0.13 "

Wet-oxidation prefreatmenyt: Wet oxidation has been applied as pretreatment for both ethanol
and bogas production. 1o this process, the biomasses are treated with water and oxypen or
oxidation agent such as hvdrogen peroxide (H;0;) at high temperature above 120°C and for a
petiod of e.g. 5 minutes "™ 1% "7 The temperatime followed by reaction time, oxygenvthe
mount of oxidation agent and pressure are the most important parameters in wet oxidation ',
The objective of the pretreatment is to breakdown the hemicellululose and fignin structures to
increase the accessibility of the eellulose. During the wet oxidation prefreatment several
reactions ¢an take place such as electrophilic subsfitution, displacement of side chains, cleavage
of atkyl aryl ether linkage or the oxidative cleavage of aromatic muclei''®. Previously. wet-
oxidation pretreatment of several type of bio-wastes was studied by Lissens et al.'*®. They used
wet oxidation 1o improve anacrobic biodegradability and biogas yields of food waste, yard
waste and digested bio-wastes treated in a full-scale bicgas plant with pretreatment condition:
[85-220°C, oxygen pressure 0-12 bars and 15 minutes. They reported that the wet oxidation
process ncreased biogas yields by approximately 35-70%% from raw and digested lignocelluosic

bio-wastes.
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Wet-explosion pretreatment: Mogt recently, a new wet explosion pretreatroent equipment has
been developed by Ahring and Munck (2006)”. The principle of the treatment is to heat the
biomass with water on a high temperature of at least 170°C, and provide an oxidation reaction
under high pressure by addition of an oxidizing agent (H>05}. In subsequent step, the material
undergoes a sudden pressure release {steam explosion). The method is a combination of steam
explosion, and wet oxidation and it enables operating with high bioinass concentrations and
handling of big particle sizes, thereby, avoiding initial energy intensive mechanical milling.
Moreover it is an easy controllable process with low total energy consumption®, The wet
explosion method has so far been successfully employed for the pretreatment of wheat straw for
ethanol production™ *. Therefore, it was interesiing to investigate whether the wet explosion
pretreatment also has a beneficial effect on the biogas productivity when wheat straw and others
crops is used as a feedstock. The most imporfant parameter of evaluation the wet explosion
process is to exam the amount of soluble sugar released from lignocellulosic biomass. The
resulis of pretreatment different biomass can be very due to the structore and Lignin content.
Previously we have optimized the pretreatinent condition for agriculture residue com stalker,
wheat straw and energy crop willow and miscanthus by manipulating the parameters of the wet
explosion process. The opfimal process conditions was found by changing retention time from 2
t & minutes, amount of oxidizing agent added 3 to 8% of TS concentration, temperature from
15 to 195 °C and pressure from 5 to 14 bars. The above chanpes was made based on the hest
process conditions for pretreatment of wheat steaw, which was 5 minutes retention time, 12 bar,
185°C, and the H;Q, concentration was 6% of TS conceniration®’. Table 4 shows the seluble
sugar released amount of corresponding preweatment conditions. The characterization results of
soluble sugar concepiration were significantly high after wet explosion pretreatment compared
te raw biomass. The maximum seluble sugar released amount of wheat straw, corn stalker,
willow and miscanthus were 19, 46, 12 and 25% higher than the raw crops (Table 4}.



¢+ Tablke 4 Parameters for adjusting optimal pretreatment conditions of crops and soluble sugar
released amount.

g of soluble sugar releazed/100g {TS}

Energy crops Estantion TS H>Oh, Tetmpetature Pressure
and Crop time (min) concentration  concentration (%o {"C)150/180/19  (bar)
residues 258 (%) 10/15/20 of T§) 3/6/8 5 5/10/14
12.0720.2 19.53+0.20 13.1320.20 13.1340.30 13.1340.30
15.83£0.53 15.8320,33 15.83x0.53 L5.83x0.53 15.8320.53
Wheat straw i3.86+0.45 15402022 15.22+0.60 0.92+0.60 0.9240.60
20 8441.534 28,5441 55 33.66x1.15 30.29+1.83 30.2041.83
29.8941.45 20.89+1 .38 29.80+1,23 20.89£1.10 29.80£1.10
Corn stalker 31.9241.35 40.62%1.33 iB.28£1,27 1{.71%1.37 11.71£1.37
6.51H).54 9.08+0.33 701033 135:0.25 1.3540.25
12.23£1.02 12234102 [2.23£1.02 12.23x1.02 12.23£1.02
Willow 057045 a921+0.55 006055 4.87+£0.58 4 870 3%
7.5610.52 25.09£1.15 9.00+0.66 5.15¢1.23 515123
13.51+9% 13,51+0.98 1351098 13.51+).98 13.51+0.98
Miscanthus 18.262+1.35 14 564085 16200035 15.13+0.93 15,1310.93

However, even the wet explosion pretreatment released significant amount of soluble sugar, the
biogas yields of prereated wheat straw, com stalker and miscanthus still far too low comparad
1o these fresh crops {the resulis was conducted by 60 days of batch experiment). The only
positive effect was occorred fromm willow, biogas precaution from wet explosion pretreated
willow was 80% higher than fresh willow (Tabde 5). The reason of biogas decreased n wheat
straw, com stalker and miscanthus was probably due to their strueture are softer and easier to
digest compared to woody crop willow. Therefore, when pretreatment these types of crops at
high temperature and acidic condition, more soluble sugar are released meanwhile also more
inhibitors are forned during the prefreatment, such as furfural, S-hydroxymethylfurfural and
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phenolic compounds, this is a commenly known fact =
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Table 5 Wet oxidation pretreatment associated with improvement in methaie yield for ligmocellulosic
biomass.

CHa potential (m” CHa'kg VS
added)
Prefreatment Pretreatmemnt Before After %% CH4 Referen
method Crops condition prefreabment  pretreatment  increase  ce

Coim 15%:T5/0%

stalker H202/1800C/S mins 0.56 r.36 =36
15%T5/3%

" H202/1800C/5 mins 0.56 {46 -18
20%TS8/3%

f H202/1800C/S mins (.56 0.39 =31
Wheat 15%T5/6%

straw  HZOZ2/1800C/S mins 0.26 24 -4
e 10%TS/6%

Wetoxidation  w  phooi1g00C/S mins 026 0.23 -1
15%0T5/6%

Willow H202/1800C/5 mins 0.15 027 &0
Miscanthu 15%T5/6%

5 H2O21 800C/5 mins 027 .21 =20,
15%T5/6%

" H2O2/ 1 8000C8 mine .27 0.16 -30

Results
2005 TS/6% from

" H202/1800C/5 mins .27 (.19 =22 ourlab.
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* Silage prefreatmerd: Ensiling i3 a biological process that has been used to preserve forages for
animal feed for centuries. Ensilage is alse a convenient process for protecting the moisture of
crops for biogas production because dying is not a favorable method when crops are used for
biegas production. Instead, methods based on ensiling are often preferred’'. For example,
previously stxdies on willow (paper 2 and 5} have showed that biogas yield of willow
harvested in winter titme is 25% lower then the willow harvested in the summer. In he ensiling
process, the soluble carbohydrates contained in biomass undergo lactic acid fermentation. This
reaction will lead to a drop in pH and to inhibition of the growing detrimental microorganisms.
At the same time, the acidification produces intermediates for methanogenic fermentation. In
this way the ensiling process can be considered as a pretreatment which simuMtaneowusly has
potential to promote methane production from plant matter **. Study from H. Vervacren et al. ™
reported that ensiling of maize for 7 weeks influenced the methane production per VS in
stbsequent anacrobic digestion by up to 22.5%4, The methane potential of sifage rye {3 months),
barley, milky {3 months) and masze (4 months), inctease more than 20% comparad to that fresh
crops *> 2 However, many authors have reported various anmual crops stored as silage have
gqual or higher methane potential {0 those of fresh crops {Table &), but studies on ensilage of
perennial crops such as willow or miscanthus for methane production are very limited.
However, etsilage of perennial crop willow and miscanthus was tested in our study (Paper 5).
The study shows that ensilage of willow and miscanthus with biclogical additives has no
significant influence on the biomass losses compared to the nen additives. The biomass losses
amount of willow and miscanthus can be controlled under 2 and 3% with ensiling process,
respectively. Ensilage of willow as pretreatment method for methane production can increase
the methane potential. Taking the biomass losses into account, ensilage of willow for 1, 3 and 5
months can increase the total methane production by 12, 22 and 22% compared te fresh willow,
respectively. The methane potential of all silage miscanthvs wag ranged within 181-189 ml CH,
per £V ongmal, giving no significant increase of methane production compared with fresh
miscanthus. Moreover, due to the higher biomass losses, the total methane production from
silage minscanthus after 5 months was 3% lower than the fresh miscanthus.
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Table & Ensilage pretreatments associated with improvement in methane yield for
ligmocellulosic biomass.

CH, potential (m’ CHy/kg
V'S added)
Dwuration of %o CH. increase
Prefreatment ensilage (Compared to
methods Crops {months}  Freshcrop  silagecrop  original V8) Reference
Mixture of
timothy, red
clover meadow
desus grass 2 0.6 042 17 56
" 6 0.36 0.43 19 "
Rey grass 2 G.41 0.47 15 "
“ 6 0.41 0.45 10 "
Maize 1.6 Q.52 (.58 12 57
" 4 0.38 048 25 123
Barley, flowerin 3 0.43 0.46 5 58
Ensilage Y g
(months)  Barley, milky 3 (.50 0.65 31 "
Ray, flowering 3 0.37 047 29 "
Ray, milky 3 0.41 0.49 20 "
Willow 1 0.14 0.16 15 59
LL] 3 L1} UJZ 54 I
i 5 1 D..ZE 56 ik
Miseanthus | 0.19 0.19 -1 "
" ] .19 0.19 -2 "

" 5 0.19 0.19 -1 "

X2



4.2, Summary of pre-treatment methods

Various pretreatment methods have been presented or developed for lignocelluloses and waste material
in order to improve biogas production. All the pretreatmetn methed in some of the point are approved
that they can enhanced the biodegradedability of lignocelluloses material such as crops. Butdue to a
lack of large scale experience and econoiical studies, the feasibility and applicability of most of
metheds cannot be reliably evaluated. Nevertheless, previously study (Paper 4} on energy balance and
cost-benefit analysis of biogas production fiom perennial energy crops (willow} pretreated by wet
oxidatien/explosion was shown thet the energy consumption of the pretreatment can be covered by the
extra biogas it pmudumd'“. Amount all these pretreatment methods, silage pretreatment has the
advantages of low energy and low or non chemical requirement, iow or non inhibitors produced during
the pretreatment process, easy can cheap to apply on both farm and centralized scale biogas plants, and
mild envirormental.

5 Co-digestion of swine manure with crops residues or energy crops

The concept of anaerobic co-digestion is a cost effective wasie treatment method, In which two
different types of organic wastes are mixed and treated tighter in single facility™. By doing so, one
takes advantage of the abundance of special compound in one waste type to compensate for its shortage
in other waste type, and consequently increase biodegradability and biogas production . Using such
approach, satisfactory results were obtained with several combinations of agriculture waste, e.g. swine
and poultry waste or energy crops and cow wastes * % In both cases, it was shown that co-digestion
not orly facilitated biodegradation of the orgame compormds but also enhanced biogas production. In
Denmark most of agriculture biogas plants use mamure as primary feed stock, but it has been
recognized that using animal manure alone may not represent the most efficient way to produce biogas
due to its inherent deficiency of carbon source™. To increase the biopas yield per ton of animal
manure, one of the options was to adding carbon rich crops ™ ¥ ®, In the past, co-digestion of animal
maniwe with various crops has been intensively studied, i.e. co-digestion swine or cow manure with
comn sialker or wheat sfraw at various V5 ratio {manure: ¢rop) (Table 7). But most of thess studies
were only focused on the mesophilic temperature in the range 37-39°C and annual crops such as comn
stalker or wheat straw. Therefore, investigation of the effect of co-digestion swine manure with annual
and perennial crops on thermophilic temperature could be interest.
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Table 7. Co-digestion of swine and cow manure with plants biomass in CSTR reactor, resnlts reported
from literature.

Feed  HRT. Hydrolic

Feedstock Temperfur  Manure: crop TS retentiontime  ml CHyper Ref
& {o() (V5 rafic) (%a) {d) g-V8§ added
Swine mamwe,
com stalker 39 75:25 3 16 210 125
Swine manure 35 nr.t 39 140 126
Swine manure,
potate waste 33 85:15 f.r. 26 220 126
" 35 8020 LI 39 315 126
35 020 nr. 23 200 [26
Switle manure 35 TLT. 15 320 128
Swine manure,
wheat straw 35 7525 . 15 240 128
" 35 50:50 nr. 15 ZH) 128
Cow manure 35 7.3 15 350 127
Cow manure,
wheat straw 35 S0:50 7.8 15 100 127
" 35 2575 7.0 15 70 127
35 10:90 .o 15 30 127
Cow manure I 10 40 107 29
Cow manure,
wheat straw nr. B0:20 10 40 109 129
" n.r. 60:40 10 40 113 129
n.r. 44):60 10 40 103 129
n.r. 2080 10 40 97 129
*n.r. not reported

From previcusty study, the efficiency of co-digestion swine manure with botlh fresh and wet-explosion
prefreated corn stalker, wheat straw, miscanthus and willow with different V'S ratio (manure: cropjwere
tested (paper 3). The efficiency of the experiment was evaluated by two parameters: 1) The methane
petential of the mixture biomass. 2} The biogas productivity per reactor volume. For wet-oxidized
crops, there was a significant of decrease methane potential observed from wet exidized cormn compared
with raw corr, and the cause of this is probably due to the inhibitory compounds releasement during the
wet oxidation preteestment' ™, the similar results was also observed from wet-oxidized wheat straw and
miscanthus {Table 8),
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Table §:
Resulis of methane potential test on different crops at different co-digestion ratio with swine manure.

Total methane potential Short-term methane

potential
M* CH, ;
Crop: Dwratio tal CH, % oftotal CH, produced/n
Substragt  MEUre  n of the gﬁﬁﬁ per & pﬂl‘ g—l:l"LS incfeased than iot?I ?;;1}“ working
(T3 batch n Vi added swine manuge 20 volume/day
ratio) assay added” alone {HRT 20
days)
r 210,35 [V 0 0 G 0

Comtrol 75 14023 36254 23823 0 &7 0.28
1 7&5 1373 2823 TS 34 o3 0.37
Raw 29471 1982 258+3 25343 41 97 L
willow 38/62 218%2 2512 2462 56 on} .44
30750 45 23745 ol | - 21642 89 B 0.47
Wet LB 23344 I35x3 32143 &6 o7 0.47
oxidized 249471 26413 32844 3154 88 g9 0.53
willow 3862 302E2 33323 32043 116 90 a0
50450 313&5 2712 266l 124 o2 0.63
17/83 210+3 32443 1543 50 85 042
Raw 29/71 24841 33425 32445 T7 Te 0.30
miscanthus  3%/62 20043 3] 2361 147 &7 0,58
S0/50 55 3572 462 3362 155 a2 0.7
Wet- 17/8% 19513 23846 22BX6 LY Ei 0.3%
oxidized 297 22243 23544 22644 59 of 0.44
miscanthus g2 26352 248k5 23845 88 £3 0.53
S50 33745 2.5 G} 2494 141 20 {67
17/83 23743 4103 38413 34 &4 .51
Raw corn FAL ] | 27543 TR 36345 96 &3 0.55
stalker I8/62 33645 4102 394£2 140 O 0.67
50450 80 39123 3E54+3 37043 179 59 0.78
Wet- [7/83 21142 26048 2514R 51 Bo 0.42
oxidized 2571 20142 211+4 205+4 44 83 0.40
corm 38/a2 HIL3 4343 4243 =55 i 0.13
stalker S0/50 4141 17+1 161 - a5 0.08
17/83 200+2 3203 208+3 43 X2 049
Rew straty 2947 22443 INlEd 29044 a0 74 045
k:%55 2a6£5 305 30625 o0 78 .53
30450 85 £ oK JIBE2 29022 176 82 163
Wet 17/83 1841 261£3 25113 3 81 0.37
oxidized 2971 2001 2544 2444 47 T 0.41
straw 3862 2502 2753 26445 70 30 0.50
50750 297+2 26062 255+2 i12 L3 .59

‘Jnocule . ¥ Inocwlatpigmanure. © calculated bazis on the orgina! T3 and V3 hefore pretreatment.



No significant evidence of inhibition was observed when the TS ratio of wet-cxidized or raw crops and
swine manure at 50:50 or below 50:50' except wet-oxidized corn stalker, when the TS concentration
of wet-oxidized corn stalker increased to 9.75 and 1 to I of swine manure the methanogenesis was
stopped. The reason of this is the wet-oxidized com stalker contains higher scluble sugar among the
four wet-oxidized crops. Therefore, when co-digestion this biomass with swine manure the soluble
sugar are quickly convert to velatile fatty acids (VFA) by acidegenesis bacteria, the sudden VFA
concentration increasing leading the pH dropped to below to 4.5, the methanogenesis reaction was
inhibited by the lower pH *** %, This will not appeared in a CSTR reactor due to the large buffering
capacity 131 However, there was a large amount of CH, increasing observed from wet-oxidized
willows, mere than 90% methane was obfained from wet-oxidised at TS raiio (willow 38:62 manure)
than from raw willow, this is prabably becavse the structure of crop willow are more woody comparad
with wheat straw or com stalker, There are two major effects on willow after wet-oxidation pre-
treatment, ome is the releasement of sugar and other easily biodegradable compounds from
ligneellulose, and another is that the particle size of willow was reduced to under 0.5 ¢m. Particle size
reduction of the biomass by chipping, milling and grinding can increase the available surface areg and
intracellular component of the biomass and therefore increase the biodegradability of the biomass®,
However, co-digestion of wet-oxidation pretreated miscantines, corn stalker and wheat straw with swine
manure, the methane petential was much sfightly lower in comparison with that raw crop, which was in
the mange 290-316, 211-360 and 254-275 ml CHa g-1 V34auea in the all different TS ratio, respectively.
However in some of the case wet-oxidized of these three crops shows the fast methane conversion
rates, but it was not so encouragement for further investigation due to the energy consuming of
pretreatment. On the other hand, pretreatment of willow with wet-explosion method increased more
than 90% of methang potential, according to the previously study on energy balance and cosi-benefit
analysis of biogas production from perennial energy crops pretreated by wet oxidation'>* approved that
wet-gxidation of willow for biogas production is economically profitable, Although, the biogas
potential in term of ml CH, produced per g-V§ was not increased, but in term of CH, produced per iy’
of reactor volume, supply willow te swine manure (2% of VS) basis reactor at VS ratio 1:1(crop:
manure) can increase 66 % of fotal biogas production than treatment of swine manure alone, for

miscanthus, com stalker, and wheat straw are 155, 179 and 126% respectively (Table &), these results
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indicated that by increase ceriain amount of organic solids concentration in manure basis reactor ¢an

mcreases the biereactor productivity, which means more bingas praduction per ton of treated material.

6. Conclusions

Laboratories throughowt the world are continuing research on AD to evalnate diffarent types of waste
streams and biomass feedstocks as substrate for various reactor configurations and to develop with
improved reaction kinetics and biogas yields. Based on this Hterature study and performed experiments
in o laboratorium, the following conclusions can be draw: 1} Crop residues or energy <rops can be a
significant main or co-digestion substrates for biogas production due the large quantity supplement and
ligh biogas production yields, perennial encrgy crops are rather recommended from economic point of
vigw {low energy and chemical inputs compared to annual crops), but the biomass production rate per
ha and suitable harvesting season needs fo be further optimized. 2) The biodegradability of crops can
be enhanced by different pre-treatment, but most of these present pre-treatment methods require certain
amount of energy and chemicals inputs, also they have the potential risk of formation inhibitory
compounds to anaerobic bacteria. Therefore these factor should be considered when apply the suitable
pre-treatment methods fer treating crops. 1) Ensilage 15 one of the most promising methods for storage
of erops for biogas productior, the water content and the weight of the biomass can be well protected
during the process. Moreover, ensilage can be also used as a pre-treatment method for enhancement
some of the crops biodegradabilny, Therefore, ensilage crops as sterage and pre-treatment methods are
highly recommended. 4) Co-digestion of swine manure with miscantinis, com stalker and wheat straw
¢ be one of the promising methods te boost the biogas vield in swine manure based amaerobic
reactar. The amount of crop input can affect the biogas production in two aspects, the lower crop input
the higher biogas yield in term of ml CHy per 2 ¥8-444.0 and higher crop input, the higher volumetric
reactor productivity in term of m' CHy produced per m® of reactor working volume, However,
continuous reactor experiments using manmure richer in nitrogen than the manure uszd in the batch tests
showed an increase in both methane yield and volumetric reactor produciivity. Co-digestion with a TS
ratioc of 1:1.5 {manure; wheat straw) resolted in a 232 higher methane yicld and 1112 higher
productivity, when compared to a TS ratio of 1:1. (Paper 3} 2. Moreover, the biodegradability of
these tested crops, except willow, was significant, no further pretreatment is needed beside size

reduction.
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ARTLCLE INFQ ABSTRACT

Tha continuoualy ncreasing dermand Kar réndwable enmrgy sources renders anaerchic digestion ta ope of
the most promising technologies for fnswakls snmrgy production, Twenty-twe (121 large-scale blogas
plants are cutrently onder operation I Denenack, Mast of these plants ose manore as the primary feed-
steck but their econormucal profitablé aparation reliaz o the addition of other biomass producrs with a
high biogas yield, Wheat straw is the major ¢rap résidue in Burope and the second largest agriculmral
residue i the world. 50 Far it has beéh Uedd In sethézal applications, Le. pulp and paper making. produsc-
oon of regeneraked cellulose fibars a3 an altemative to woeod for cellulosesbased materizls and ethano!
productson, The advantaze of exploibng wheat thaw for vanous applications i that it is avallable yn con-
sulerable guantty and at kwecost. [0 the present study, the codigestion of swine manbre with wheat
shrawr i 3 conbinuous operated syshem was invesiigated, as a method to increace the aficieary of blogas
planes that are based on anaeroble dgestion of swine manure. Also, the pretreatarent of wheat straw with
the wet explosion methed was studied and the efficency of the wet expleslon process was svalusted
based an (a) the sugars rebeaze and (b) the methane potental of the preeeatad whest straw comparsd
to thak of the raw blemass. It was tound that, although a hiph release of soluble sugars was gbearyed after
wet expeslon, the methane cbratned fom the wet-expledad wheat straw was slightly lewer cornpaed
to that from the raw bismass. On tha other hand, te results from the oodigastlon of raw (nen-prerreated)
wheak iraw with swine manure were vy promizing soggesting thar 46 ke of syraw sdded to 1 of
manure inecreaze the methaane preducton by 100, Thus, wheat straw can be congudered 22 & premizing,
low.cost biomass for increazing che methane producavity of blogas ptanes that are based mainky on
Ewylne manure.
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Avanlable online 8 August 2000

@ 200G Elzewisy Lod, ALl tights resarred,

Ing From 140 to 20 meft while the opemtion is only proficable when
blogas yields higher than 30m%t of treated maverial can be
achleved (Angelidakd and Ellegaard, 20023 This |5 curreraly done

1. Inropductdon

A big rumber of large-scale biogag planis are currently under

pperation around the workl, Most of these plants are based on
weastes (solid or liguid) hke macore, séwage sludge ot municipal
waste ac main feedstock. The continuonsly increasing demand
for renawable energy sources such as methane renders anaerohbic
digettian bo ane of the most promizsing technolagies o pamew shle
ensrgy production. Twenty-two {23) large-seale bingas planars are
currently wnder operation in Denmark. Mozt of these plants wee
manure a5 the primary fesdztock but their aconomical proéitable
operaton relies on the addition of other biomass products with a
high biogas ylefd. The biagas yield from manure is typically rang-

* Corrmsponding ackher Present add sy Copendiigen Instmune of Techaology
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by the additlon of industrlal organic waste materials like, for exam-
ple, fae sladge or hizh o], However, the volume of these waste
streams 15 limited and some biogas plants have siavted o ot
organic waste of high methane potential. Therefore, the investiga-
tlon of other, abundant Blonassas to be cod lasied with ssanure s
of great |neerest,

Whear straw it the major crop residue in Eurepe and the second
largest agricuitural rezidue in the world (Kim and Dale, 20041
Wheat straw, which consists mainly of cellulose (33=38%), heml-
celluloses (26=-32%] and lignin (17=-19%), has traditicnally been
weed for pulp and paper maldng as wed] 28 to prodice reganerated
celliose fiers as an akernative to wood for ceilulese-based mate-
rials { Reddy amwf Yang, 200583 Abss, wheat straw is ooe of the most
important ghohal feedstocks for ethanol production (K3m and Duale,
20040, The advantage of exploiting wheat straw for various
applications 12 that 1t is available ln conzsiderable guantity ane at
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low=cast. Thus, wheat straw can alse Be considersd as one of the
best options for increasing the methane production through be-
rmxee digoctlonn. Howesyer the alficiency of methane production
[rorn ligroeellulogic residuss can be Bmited by the bw biodegrad-
abiiliy of the lignocellulose, The destruction of the lignecellulesic
structure will releasa the sugars contiined in the biomass and
therefore Can possiply increase the preduction of mechane,

Several pretreatment technologies such as wet oxidation
(3chmidi and Thomsen, 1993}, stean =xplosion (Ballesteros et al,
2006}, dilute acid (Saha et al, 2005) and hydrotheemal {Thamsen
£t al.. 2006) have been used for the prettdatment of whaat sraw
mainky far ethanol production. Reoently, 8 new pretreatment tech-
nology, wet explosion, has been developed by Ahring and Munck
(}105). The method k& a comblnation of thermal hydrolysis, wet
explosion, and wet sxidaton and it enables operatiag with high
biemasa concentrmations and hamdling of big particle sizes, thereby,
avoiding initial nergy intensive mechasital milling. Morcower it is
A0 2asy contmollable process with Jow DoLal snergy Consympricn
(Ahring and Munck, 2006). The war axplasiosn method Ras so Fr
been successfully employed for the pretreatment of wheat soraw
far ethanol production [Georgieva et al, 2008a k). Therefore, it
was interesing o investgare whether the wet explasion pretrest-
ment also has a beneficial elfect on the biogas productivity when
wheat straw is used a3 a feedstoch.

The present study investigates the codigestion of sawine manure
with urtreated whear straw in a continuon: operated sysbem, as a
roethod to Increase the effciency of bivgas plants that are based on
apaerobde digestlon of swine manure, Also, the pretreatment of
whieaE straw was investigabed with the wet explosion method, that
is, increase of tempeeaoune and pressure, addition of hydrogen per-
oxide as oxidizing agent and Anally Instant pressure raleass by
Hashing the Biomass to atmospherc prassure, The efficency of
the wet explosion process was evaluated based on {a) the sugars
redease and (h) the mathane potential of the pretreated wheat
straw compared bo thar of the raw biamass,

It was found that, although a high release of coluble sugars was
observed after wet explosion, the merhane obtained from the wel-
exploded wheat straw was slighdy lowver compared w0 that foom
the @w bicmass. On the other hand, the rasules from che codiges-
tion of raw { non-pretreated] whear straw with swine manire were
very promising, suggesting that 4.6 kg of straw added o 11 of
manuré idcrease the methane production by 102 Thus, wheat
straw ¢an be considered as a promizing low-cost biomass i
increasing the methane produckivity ¢f blogas plants that are based
rmainly on SWine manurea,

2. Marerials and methads
2.1, R Eortasses

Wheat straw was chopped with 4 hammer mill (e a particis size
of approximately 3=5 cm and stared at —20 °C. Swine maoure that
was obtained from a blogas plant in Denmack, was homogenized
and kept at —20 *C uatll it was gzed.

2.2, Analyiical methods

Ceterminadons of the toral (TS5} and volatile sclids (V51 total
suspended {1333 and voladle suspended »olids (W535), chermical 0xy-
gen demard (COD), Kjeldahi nirrggen and NH] =N were camied out
aceording to Standard Merhod: {APHA, 1389} For the quantifica-
gion of VFA, addified samples with 17% HaP(hy were analysed on
a gas chromatograph (Hewlett Packard 5890 seres [ with a flame
ionisation detector and a capillary column {Hewlett Packard FFAR
m, iaret dameter 253 mm, Ghm 1 mml Blogas composition

in methane was guantified with a gas chromatograph (Shimadzu
CC-2A) equipped with a Rame ionisaton detector and a packed
column (Parapak @, 30M100-mesh)

Three wroup: of carbehydrates were analyzed in wheat straw
bicmass: the first group was the total carbobydrates, ecuding
these bound m the lignocellulosle blomass, the second group was
the sviuble carbohydrates and the st One was fhe sugar moon-
mers, For total carbohydrates detenmd naion, a representative sam-
Ple of the reaterial was first solubilised in strong acid at 306 =C for
& min and then hydralysed in dilure add at 129 *C for 80 min.
The detéction and quantification of the released sugar monomers,
which were mainly glurose sylose and arabinose, was mada by
HPLC. A sample free of sollds was sither hydeodyzed in dilute acid
and then passed through the HPLE in order to determine the solo-
bla carbohydrarte content or ditectly passed through the HPLC for
sugar monemers determination, Detextion and quantiAcaren of
the sugar monomers, glucose, xylose awd arbinose was made by
HFLC isothermally at 60 °C with a BloEad Amdney, HPX-E7H ool-
umn using 4 mM H;50, as eluent at a Aow of 0.6 mifmin, The con-
tent in lignin was determined as the ash-lhee residue after b
steps hydrodysls with serong acld (72% wiw Ha504, 12 4] at 30°C
and dllute acld (2.5% wiw Ha50y, 042 M) at 121 *C, respeciively.

23, Wer explasion of wheat siraw

Wert explosion took place ity a 2.8 L teactoar. Sandard wet sxplo-
sion conditions were 184 °C and 19 bar pressure veith H2Q; as oxi-
dizlng agent as a dose of 62 per 100§ TS straw. Dilferent TS
content, HeDr Concentrathon and wempecatures were also tested
a5 shewn 1o Table 1. The elficiency of the process was evaluated
baszed o [a} the sugars release and (b} the methane patentiad of
the pretreaved material compared wikh that of the raw Bomass,

24, Methans polantial of raw snd wet-expladed wheat sirow

Merhane potential tests of the raw and pretreated wheat straw
wiere carmied Qut in triplicates in 117 ml serum vials sealed with
buty! rubber moppers and aluminom comps. A AMOUNT =quiva:
lent ta L% g-TS of wheat araw was added as substrate together
with 20ml inoculum from a Continupus $ticred Tank Reactor
{{5TR) type anaerabic digesrer fed with mixture of swine manure
and wheat straw. Ttiplicate vials with oo substrate added served
as controle, The vlals wete incubated at 55 *C and the methane pro-
duction was followed throughout the experiment. Methane poten-
tial was caloutared as the volume of methane producsd par ¢ of TS
of bwmass added as substeats. Thus, the suitability of the wet
explosion as a prenreatment method for enhanced methane pro-
ductlon was atsrszed,

2.5 Conffalots codizesion expermenls

Continuous thermephilic [55°C) cod(gestion experiment of 2
mizeture of swine manure and wheat straw ata 1 T5-based ratio
was arrled o in a tab-scale vnit, The unit consisted of pne 7-Lac-
tive volume CSTR and pwn influent compariments inderconnected
with computer-centrolled vabves [for the unit setup sea Bg 11
The one infuent compartment was flled up with swine manure
oained after Altration (20 gL final TS concentration) and the
other one was flled up with wheat straw, Swine manure and
wheat straww were added in Che digascer foor tirmes 2 day at regular
time Intervals 4t a Hydraolic Retention Time (HET)of 15 days. The
reactor was skartad-up with anasrcbic mixed culture from a ther-
mophilic lab-scale dipester fed with 40% swine manuie, 0% cmw
mantre and 208 manure Akwes, The read lor performance was mon-
itored daily through pH, higgac and methans prodyction measure-
ments, while complete characterization took place onoe a steady
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srara was reached. All liquid samples were talean dlcactly from the
inteniar of the reactsr, TSS and VSE ware maszured in both resctor
and effluent in order ta make sure chat no accumulacian of solids
occurmed in the reacror.

1. Resplis and discossion
3.1, Characterizaton of the blomaises

Wheat straw and swine mamure were characterzed regarding
their total and volatile solids concentration {TS and V5, respec-
tively}, chemical oxygen demnand content [COD and total and
ammopium nitrogen (total- and MH; =N} concenrration. Addi-
rienally, carbohydrate 2nd ignln conrent was desermuined inwheat
straw Bipmass. The charackarzation resules are showin in Table 2

TaMe 2
Characrensiics of whhean straw and swise manuna

.- Witear syraw Manuee
TS(%) g24003 FAFY
iRl o - BEE 16T 1A
Todal SO0 [giE<T5 DAEL 00T Lay w0
FkakH I:mg.lg-'EE] YR IAL - HRSS LM
HHj =N (mgie-T5) - B2 g2 Br 03 2D
Total cariohydmees {4 of T3) 48+815 - NE?
L {% of T5) 20 040 HE"

¥ Mot determimed,

Ac anticipated, whaat straw was rlch in erganies (Y5} and carbohy-
dratse contant while swire manure was characterized by high
nitrogen content. Moreover the wheat seraw size reducoon de-
scribed in Section 21 i3 ot expected (o have a sigrificant efiect
on the bicavailabllity of the subsrate and consequently on he
methane potentlal tests (see Section 3.3] since the origingl straw
size was a few o longer, Furthermore, the effedi of size reduction
could only be glgnifieant of i was down (02 fsw mmm (Alring and
Angelidakt, 1998, Haromann ¢ al., 2000)

2.4, Wet explosien of wheat strmw — relerse of sgars

Wet explosion of wheat straw was investigated as 3 precreat-
ment method i order o enhance the organls matter biodegrad-
abillty and consequantly e merhane prodoction through the
releage of sugars and other easily biodegradable components. Su-
gar mononers ard soluble sugars content in pretreated wheat
straw under Allferent wet explosion conditlons 2 shawn in
Fig. 2. Charactertzadion of the wel-exploded whear siraw regarding
to cathohydrates avatlabilicy showed a3 high retease of soluble sug-
ars with sugars monomers being 2 minat patt of them, The higher
release of soluble sugars was observed {n straw treated umder stan-
dard ¢ondition and condition 7 {lowet TS} Furthermore, cendition
7 wrag the ouly one that resulted in higher (24%) sugar releass in
comparison bo standard conditions (see Flg_2 ) Therefare che meth-
ane porential of pretreated seraw under conditions 7 and standard
was assessed and compered e that of raw siraw,
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iz 3 Relatve rebease of solubbe supars at different vwen exploslon condickans
compared be the samwland condltlans,

In genersl, wer oxidation fracttonates lignocetluiose mee & solid
cellulose-rich fraction and a Biquid hemiceltuloses-rich Fractian
{BjeTre et al., 1996: McGinnis af al. 1983), This was also the case
with the wet explogipn method applled in this siudy $inoe the sol-
uhle supars fractlon measonred after the pretreatiment was rich o
xylase, which s tha main companant of hemicallulose. Significant
factora that affect the pretreatment efficiency are the cxdant con-
centration, che ternperature and dueatban of che reaction as well as
the eotal solids concentratian. The exbdant [the HO» in this case)
participates in the depradatlan reactions; excess pse of oxidant
may cause complete oxldation of the sslubilisation products while
[Ernited use may resals in incornplete degradaton and sobubilisa-
Hionl. This was most probably the rezson of the lowver solukle sugars
conceqration after the pretreatment under conditions T amd 2
compared k2 the standard condltions (Fg. 33 The canwe more or

less rode has the temperature apd the reaction tme combined with
the yse of an oxidant; lower temperatores and lower readion
tmes may result in incomplete degradation while higher Famper-
stures and longsar reaction times tay result ln comglate oxidation
of the solubilisation products {pretreatment conditions 2—6 in
Fig. 30 The rasults of the present study shzwed that only a redue
tion of the imitial total selids concenteation enhanced the selubili-
sarlon of wha At W, This can be possibly attrbuted to the higher
rathe of oxidant o biomass solids compared bo that wnder standard
conditions,

335 Methone patenital of mw and wer-eaploded whear smow

Fallawiag the rezults obtained from the analysis of woduble 2nd
Iree sugars after preireating wheat sreaw with wer sxplogion, the
methane poteniial of precreated straw ender eonditions 7 and
standard was asseased and compared to that of mw siraw, The
methane pateanial of ravw and wer-exploded wheat strave wnder
conditions 7 and standatd 15 showen In Fig. 4. Methane productivi-
ties were calculated 33 the mean value of thres consecutve mea-
surernents and 44 soon as the methane production in the vials
<eased, which happened after about 13 days of Incubation Dasplie
the high release of sotuble sugars (Flz, 2a} the mathane obtained
from the wet-exploded wheat straw was slightly lower compared
to the raw bBlemast [237313 and 24411 compared W
261+ 1 ml CH, par g TS, respectivelyl. This, mast probably, was
due to the formation of inhititory compounds, which 1s 4 very
tommen probl=m when pretreatment at elevated temperatires ls
employad pricor o fermentations (Elinke ot al, 30041 The same
phefiomenon was repotted by Penaud et al. (20000 where the
methane productdon declined after thermechesical pratraatment
although the biomass was sofebilized ara Righ degree. B the study
of Eskicioglow et al. (2007 inhibition of methane production was
also observed after microwave pretreatment of waske activated
studge but subsequent acclimation of anasrabic hiomass was pos-
sible and finally solubilisation of the subctrate led o ncreasad
methane production as well. lnhibiters formed during pretreats
ment of lignecefluletie Blomass at high ermperatures and acidic
conditions, e furfural, S-hydroxymetiyifurforal and phenolic
compounds, (s alse 3 commmonly known fact (Palmovist amwd
Hahn-Hagerdal 2000, Taking inte consideration the low differ-
ences barweer methane parential valuss and the stanwdand devia-
tion we can safely conclude that che wet explosion pretreatraent
did not have any significant efect on methane production. In fact,
wet gxplosion resulted 1o a slight raducting of mathane producs-
tdon. In any case, wer explesion (which is an snergy consuming
process} 15 not suikable as pretreatment of straw For codigestion
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E 100
50
0 T T

WEstd WE7

Fig 4 Methaes potential of o and wst-exploded whear soraw.

Raw biomass
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with marure at the conditions tested becanse the addittonal re-
quired energy consumption is ot counterbalanced by any increase
in mathane production

24, Continuous oidigestion experimments

Raw straw and manure were Cookested i a CoNCinunus reacior
since wet explosion of whear siraw did not give higher methane
yiekds, The reactar performance in terms of biogas and methane
prodduction, volatile facty acids and total and wolatile suspanded
solids concentration i shown in Pgs, 57, respectively [samples
for ¥YFA and solids determination were collsctad only after day
75, when biggas prodiction was established Bt the systern), Steady
state, 25 shown in Figs. 5-7, was reached afker approximately 15
retention Gmes, Which was tainly attributed te machinery failures
{ix. the digester ooaled down at the day 95 because of a broken
water bath, etc.]. TS5 and VS5 concentradon in the interior and
efiluent of the teactar were the same throughont the duration af
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the sxperiment and thus no accornulation of salids occurred. pH
value was alsa measured and I0 was 7.4 at steady stace. Mathane
production at steady state egqualed 2221 per kg T5 fed Assuming
that rawr wheart staw gave 261 1CH, per kg TS (Sectien 3.3 and gi-
ven that manure t sttavwe TS ratic was 1:1, manure centyibuted
with 1831 €H, per kg TS, given the 10 g TS per day leading rate
it both zeraw and manure, The methans production froam the con-
tinuows reactar, whera swine manuts and sraw were codigesbed
in, was somewhat lpwer than the vahies obiained in the study of
Liabsés-Luergs and Mata-Alvarez {1987). In the latter, 319-2651
CH, per kg ¥5 were produced after 0 days of digeatlon in batches,
wille the corresponding Agute obtained o the prezent siudy was
2711 CHy per kg V5 (the TS and V5 content of straw and manure
preseqted in Table 2 was used for the calcylatlon ). The s][ghtly in-
creased methane productivities in the study of Dabrés-Luengn and
Matd-Alvarex (1987 can obvicusly be atidbuted to the fact thar
they were obtained after 60 days of barch digestion [long imcuba-
ton tme) while in the present study 3 hwedranlic retenton fime

m totaHyFA

10000 - +aceticacid & proprenic acidl
BN - "
=

G000 S =
E 1

A0 L *

2001 - dee o o

%m_—
Ay L )
0 L *

i i 130
Tie, d
2500 * aceticacid & propionkcscld
20 4
) *
E 15041 4 *

L
L
"f 1{I{Iﬂ- +
- r et
O N KA
N R Y
4 50 100 150 200 250
Tinee, d

150

200 250
o
10000, LGEAIVEA
_ B =
b, |
P 60001 ’
g 4000 4 f‘
2000 4 ."
Y S
0 S0 100 150 20 23
Time, d

Fig. %, Acetic 2nd propronue acid and tpaal-wFA (nduding acenc. propsonic, sobuturle, butyene, 1sevalene and valers aclds) opeentration prafide rheoeghous e duranon of

thee comtANAMMIS CRpETimERE



O Wate ef al/Wirth Momgement 29 (20090 28302835 ' i L

of only 15 days was applied to a continuous system. Based on the
results obtalosd, a swing manure with 6% T3 (45 AR average repre-
sanitarive value) and a methane potential of 183 1 CH, per Lz TS will
give us appreximately 1 m? CHy per t manure. This is alse consis-
tent with the expected 10-20 m® of CHy per t of manurs treated
according te Angelldald and Ellegazrd (2003),

In the stdy of Meller eF al. (2004) it was theoretically calcu-
lated that 0 kg of seraw added 1o 1§ of manure will inoease the
methane preduction by 2pproximately 10%. From the present
expermental study it can be concheded that 1 £ of manne sipple
mented with 4.5 kg of steaw (240 m? CHa pet ¢ straw) will result in
a 10% incraase of methane produced compared b that expecred
from manure alone, This value i considered close to the value ob=
taitwed It the study of Meller et al. (2004} taking into account the
dilferences in composition that uswally occur Lo such blooases:
It is worth mentoned that in the sudy of Maler et al. (2004}
the caltulation of the theoretical methane yield was based on the
compositon of manure and soraw |n carhehydrates, lipkds and
proteing.

4. Conchisiong

In the present stiwdy, the codigestion of swine mamure with
wiwat straw in & continoous operabted system was investigated,
a5 a metinod 10 Increase the eficiency of togas plants that are
bazad on anaerobdc digestion of swine maowze. Also, the preteeat-
ment af wheat straw with a wet explosion method was sodiad and
the afficiency of the wet explosion process was evaluated hased on
[a) the sugars release and (b) the methane patential of the pre—
ireated wheat straw compared 19 that of the raw biomass. It was
found that, although a high relaase of soluble sugars was ohserved
afier wet exploston, the methane abtained frem the wet-exploded
wihear stexw was slightly lower compared to that (Tom Ehe raw Blo-
mass, Therefore, wet explesion (which 13 an energy cobsumdng
piocess) is not suitable as pretreatment of straw for codlgestion
wWith manure at the condidoos tested becayse the addiclonal re-
quired energy consumnpeion is not counterbelanced by any increase
in methane productlon. On the atfer hard, the results om the
codigestion of raw (mon-prafreated} wheat straw with swine man-
ube WheCe Vety provmising, suggesting that fe get a 108 increase |n
methane prodoction one would need o add only 46 kg af steaw
o 1k of manure, Thus, wheat straw can be consldered a3 a grom-
ising. low-cost bicrass for increasing the methane productivity of
bicgas plants that are based maimly on swins manure,
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Abstract

To enhance biogas productivity, co-digestion of swine manure with raw and wet oxidation pretreated
agriculture residue or energy crops, ie., wheat straw, com stalker, willow and miscanthus was
investigated in this study. Methane potential of co-digestion of swine manure with each biomass at TS
ratio {swine manure: raw or wet-oxidized crop) 1:0.2, 1:0.4, 1:0.6 and 1:1, respectively, was examined
in batch experiment. Co-digestion swine marnure with wheat straw which is the largest agriculture
residue in Europe at TS ratio {swine manure; wheat straw) 1;1 and 1;1.5 was also tested in a continuous
operated system. The methane potential and preductivity was caleulated in terms of ml CH, per g-TS
of biomass added and ml CHs per L of reactor working volume per day, respectively. All the
experiments were done under thermophiiic anaerobic conditions. The results from batch experiment
showed that addition of crops significantly increased methane production and the methane potential
was not influenced by increase the amount of crops in the range {swine manure; wheat straw) 1:0.2 to
1:1. Wetoxidization pre-ireatment of crops released significant amount of soluble sugar, but higher
biogas yield was only obtained with willow, which was more then 90% higher than raw willow. The
continuous co-digestion experiment indicated that adding 60 to 90 kg-TS of wheat straw to a swine
manure based reactor {55°C, 6%-T5 of swine manure) couid increases the total methane productivity of
the reactor, in term of m* CH; produced/m’ reactor working volumerday, 92 and | 92% respectively,

Keywords: co-digestion, agriculture residue, energy crop, wet-oxidation, biogas.
1. Introduction

Presently, most of the large-scale biogas plants in Europe are operated based on waste (solid or
Hguidy like manure, sewage sludge or municipal waste as substrate and their economical profitable
relies on the addition of other biomass products with a higher biogas yield such as industrial organic
waste materials. Typically, for example, in Denmark there are twenty-two biogas planfs which nse
manure as the primary feedstock for biogas production, and the biogas yield is in the range of 10-
20m’/t of treated manure, while if take the reactor operation cost into account, it is only profitable
when biogas yields higher than 30 n1’ /t of trested material can be achieved”. This is currently done by
the addition of industrial organic waste such as fat-sludge or fish 0il’. However the volume of thess
waste streans is limited and some biogas plants have starts fo import organic waste with high methane



potential, Therefore, the investigation of other altemative biomasses 1o be co-digestion with manure is
of great interesi.

Recently, co-digestion of animal manure with carbon rich crops is getting more attention in many
parts of the world. Agriculture residues, such as wheat straw or cotn stalker can be considered as one of
the best pptiong for increasing the methane production since theses two crops are produced in large
quantities in EUJ aonually. A report, published by the Danish company, Novozymes, estimates that the
27 EU member states will have somewhere between 250 and 300 million tonnes of agriculture residues
available annually by 2020 to convert into bio-products, and wheat straw will contribute 50% of total
biomass from agriculture sector®. Beside of agriculthre residues, some of the perennial energy crops
such as miscanthus, switchgrass and willow has been recognized since it takes far less energy and
nutrient to plant and cultivate {seen over the whole crop life-time)'’, and their solar energy conversion
efficiency is often higher than annual plants due to a longer growing season. Furthenmore, perennial
crops provide a better environment for more diverse wildlife habitation''. Similar comments were
repotied by Schmidt ¢t, al, that perennial ¢rops such as miscanthus and switchgrass needs low
agrochemical inputs, has low water requirement and low moisture levels at hervest and haes greater
resilience i drought'”, All these factors increase the sustainability of cultivation of perennial energy
crops and make perennial crops favourable candidates for energy production from biomass in the long
L.

However, the efficiency of tmethane production from lignocellulosic crops can be limited by low
biodegradability of limmocellulose. Therefore bresking the lignocellulosic struchure will release the
sugats ¢ontained in the biomass and this can possibly increase the production of methane. Several
pretreatment technologies such as wel exidation, steam explosien, dilute acid and hydrothermal
treatment have been used for the pretreatment of wheat straw mainly for ethanol production'® ", In
2006, 2 new pretreatment wet-oXidation equipment has been developed by Ahring and Munck'™. The
method (s a combination of thennal hydrolysis, wet explosion, and wet oxidation and it enables
operating with high biomass concentrations and handling of big particle sizes, thereby, avoiding initial
energy intepsive mechanical milling. Moreover it is an easily controllable process with low fotal energy
sonsumption’®. The wet explosion method has so far been successfully emiployed for the pretreatment
of wheat straw for ethano! production’. Therefore, it is interesting to investigate whether the wet
explosion pretreatment also has a beneficial effect on the hiogas production when wheat straw is used
as a feedstocl.

The objective of this study was to test the co-digesiion of swine manure with different crops for
the enhancement of biogas production end the biogas productivity of the anaerobic reactor. Therefore,
assess the viability and feasibility of co-digestion willow, miscanthus (dedicated crops for energy
production), corn stalker and wheat straw {agriculture residues) with swine manure in term of methane
production. Different amount of raw and pretreated crops added to swine manure was tested in baich
experiment, respectively. The applicability of co-digestion wheat straw with swine mature at two TS
ratio was evaluated ina continuous expeviment through 14 months period.



2. Material and methods
2.1 Baw biomasses and inoculm

Crops wheat straw, corn stover (agriculture residues), miscanthus and willow (enerpy crops) wets
collected in the middie of August and chopped with a hamner mill to a particie size of approximately
3-5 cm and stored at -20°C. Two types of swine manure were obtained from & pig farmer plant and a
hiogas plant in Denmark was homogenized and stored at -20°C antil it was vsed. The inoculum applied
in the experiment was obtained from the effluent of a steady-state lab-scale thermophilic anaerobic
CSTR reactor which was for co-digestion of swine manure arxd wheat straw at TS ratio 1:1.

2.2 Analvtical methods

Total seolids {TS) and volatile solids (VS), chemical oxygen demand (COD), kjeldahl nitrogen and
NH,*-N were analysed according to the standard methods (APHA, 1989}, Lignin content was carried
out by strong acid hydrolysis method!’. For the quantification of VFA, acidified samples with 17%
H;PO, were analysed by a gas chromatogragh (Hewlett Packard zenes II} with a flame ionisation
detector and a capillary cotumn (Bewlett Parkard FFAP 30 m, inner diameter 0.53 mm, film}.Methane
content in biogas was guantified by a gas chromatograph (Shimadzn GC-8A) equipped with a flame
ionisation detector and packed column (Porapak Q 80/100mesh).

Three groups of carbohydrates were analyzed in all crop biomasses: group one was the total
carbohydrates, incliding those bound in the lignocellulosic biomass, the second and last groups was the
soluble carbohydrates and sugar monomers. For total carbohydraies deiermination, a representative
sample of the material was first solubilised in the strong acid at 30°C for 66 min. The released glucose,
wylose and arabinose were measured by HPLC. A sample free of solids was either hydrolyzed in dilute
acid and then passed through the HPLL in order to determmine the soluble carbohydrate content or
directly passed through the HPLC for sugar monomers determination. Detection and quantification of
the sugar monomers, glucose, xvlose and arabinoss was made by HPLC isothermally at 60 °C with
BioRad Aninex HPX-87H column using 4mM Hz50; a3 ¢loent at a flow of 0.6 mifmin. The content in
was determined as the ash-free residue after two steps hydrolysis with strong acid (72% wiw Ha80,
1200 at 30°C and diluted acid (2.5% wiw H80, 0,42M) at 121°C, respectively.

2.3 Wet oxidation of crops

Wet oxidation of erops was performed in a 2.8 L reactor. The reactor was mamly constructed by six
parts: {1).An oil heating pump can heat the digester up to 250°C, (2). A 2.8 L digester with a pressure
safety device on the 1op of the reactor, the digester can hold maximoum pressure up to 20 bars. {3) A
1244 rpm stirring stirrer connected to the digester, to mixing the biomass during the operation. (4} A 50
L flash tank connected to the bottom of the digester, to receive the treated biomass. {5) A gas baotile
with maximum 100 bars of pressuce supplies pressure to inject the liguid chemical into the digester, (6)



A computer control panel to control and monitoring of the stirring speed, temperature and pressure of
the reactor {for the wet oxidation unit Fig.1). Wet oxidation condition was 130°C and corresponding 10
bars of pressure with HoQ; 2s oxidizing agent as dose of 6% of total solid concentration of crops. The
efficiency of the process was evaluated based on the sugar release amount and the methane potentisl of
the pretreated material comparad with that biomass. ie., confent of soluble sugar, TS, VS and lignin in
both raw and pretreated crops were analysed, respectively. And the methane potential of each raw and
pretreated crops codigestion with manure were tested by batch experiment at different TS ratio (crops:

manure) respectively.
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Fig.1 Wer oxidation unit

2.4 Co-digestion of raw and wet-oxidized crops with swine manure at various mixing ratio

The optimal co-digestion feed ratic between crops (i.e, wheat straw, com stalker, willow and
miseanthus) with swine manure st different TS ratio wag carried out in triplicates in 117 ml serum vials
sealed with butyl rabber stoppers and aluminium crimps under anaerobic condition. The vials contained
5 ml of inoenlum obtained from & continuous stirred tank reactor (CSTR) type anaerobic digester fed
with swine manure and wheat straw, 25 ml of swine manure proximally eguivalent to 6.5 g-T8. 0.1,
0.2, 0.3 and 0.5 g-TS of raw and wet-oxidized crops were added separately, i.e., the tatio between
swine manure and crop was, 1:0.2, 1:0.4, 1:0.6 and 1:1. There are triplicate vials with ealy inoculums
served as control I, triplicate vials with 5 m! inocolums and 25 ml of pig manure as control I {see more



detail) Table 1. The vials were incubated at 55°C and the methane production was fellowed throughout
the experiment. Methane production yield was caleulated as the velume of methane produced per g of
TS biomass added as substrate.

Tahle 1
Co-digestion test with various mixing ratio of crops and swine manure.
Crop and
swine
Pig mamure Total TS manure T5 Working
Sat-up (TS} Crop” (g-T5]  Inoculum (ml) added g ratio % Volume {ml}
Control | D 0 5 a 0 5
Controlil 1.5 ] 5 0.5 100 30
A 0.5 0.1 5 0.6 17/83 20
-] 1.5 0.2 5 0.7 29/71 30
C 0.5 0.3 L3 0.e 38462 30
D 0.5 0.5 5 1 50/50 30

*Four crops,Le., row and wet-oxidized crops wheat straw, corn stafker, miscanthus and willow were
tesied

2.5 Continuous co-digestion of swine manure with wheat straw

Continuous co-digestion of a mixture of swine manure and wheat straw at 1:1 and 1:1.5 TS-based
ratie was carried out in a lab-scale unit. The unit was operated at thermophiiic temperature (55°C),
consisted of one 7-L. active volume CSTR and two influent compartments. One influent compartment
was filled up with swine manure (20g/1. TS concentration) and the other one filled up with wheat straw
(TS content 53%), Swine manure and wheat straw were added in the digestion four times a day at
regular time intervals at hydravlic refention time (HRT) of 15days. All the automatic stirrers, influent
and effluent valves was controlled by a computer system. The reactor was started-up with anaerabic
mixed 40% cattle manure, and 40% of swine manure, and 20% manure fibres. The pH, total biogas
production and CH, content was monitored daily, while compiete characterization took place once the
steady state reached. TS and VS were measured both in the reactor and in the effluent in order to make
sure that no accumulation of solids occurred in the reactor.

3. Results and discussion
3.1 Characterization of the raw and wet-ovidized biomasses

Raw and wet-oxidized crops and swine manure were characterized regarding their total and volatile
solids (TS and V'8) concentration respectively, chemical oxygen demand coment (COD) and total and
ammonium nitrogen (total-N and NHy*-N) concentration. The total and soluble carbohydrate and lignin
content were also determined in all the biomasses, although the scluble sugar was very low, which was



lower than 1% of TS concentration, The characterization resvlts of raw biomasses are shown in Table
2, and the results for wet-oxidizad biomasses are shown in Table 3. The characterization result shown
that all the raw and wet-oxidized crops were rich in organies {VS) and carbohydrates content bt poor
in nifrogen. Present results {Table 2} were shown for swine manure, which was rich in nitrogen but
poor in V8, therefore relatively lower carbon carbohydrates content.

Tahle 2. Characterization results of raw ¢rops and swine manure

Wheat Com Swing Swine”

SIraw slalker Miscanthus Willow ITAnure Imanmwe
TS (%) 92,10, 1 78,3204 36.340,2 532219 23 21
V& (4} §6.3:+1.7 37.4+0.4 352402 §2.1£1.% 1.5 14
Total-COD (g/g-TS) 1601 13 1.220.1 1320, 11 1
Total-N (mg/g-TS} 6.5£0.4 15+] 7.440,5 4.5+0.5 9521 1073
NH4-N {mg/g-T§) 0.840.1 22 1.120.1 0.740.1 39401 8741
Total Carbohydrate(% of TS) 4552 5343 6243 4542 12.24001 i4
Soluble sugar (% of TS) =1 =1 =i =1 =1 =1
Lignin (% of TS) 20:£1 14x1 232403 232403 11 70,1 10.1
Residnes (% of TS) 18.5%2 2342 1541 302 7543 75

swine mmmre used for batch test. © swine manurve used for continuous test.

The methodology of wet oxidation pre-treatment was to enhance the biodegradability of crops by
breaking the polymer chain to easily accessible snluble compounds, therefore, increasing the methane
production yiekl{1). Comparison of the characterization results Table 2 and Table 3 shows that, after
wei-oxidation pre-treatment, the soluble sugar content was significantly increased in all the crops.
Especially for corn stalker which was increaszed nearly 309%, this iz because the corn stalker was
harvested when it was fresh and therefore, there was high water and Jower lignin content in it. The
soluble sugar content was also in wheat straw, miscanthus and willow, which was 15.8, 13.5 and

12.2%, respectively.

Tabie 3. Characterization resulfs of wet-oxidized ¢rops

Wheat straw Com stalker Miscanthus Wiilow
TS (%) 15,8403 FL.6E0LG LI.B+D.2 12,6402
V5 (%) 13.240.4 11.240.6 11.320.2 13.1+1.1
Tota-COD {g/g-TS) 1 1201 1 3401 1.340.1 1.3
Total-N (mg/g-T5) 1541 133406 1.8+0.2 3.RH).2
WMH4-N (mg/g-T8) £&.0+3,2 1.440.1 0. 740.1 0,741
Total Carbohydrate 46,409 64 744 1 85352 554132
Soluble sugar (%4 of TE) 158 09 133 122
Lignin (34 of TS) 3B+l .4 24 3H) 8 317208 EER:EI R
Residuees (% of TS) 2021 124] 1642 e




There were three major sugar monomers content in wet-oxidized crops, which were amabinose, xylose
and glucose. The sugar monomers composition for each crop was different. For corn stalker consists of
proximally 63% of glucose, 30% xylose and 10%4 of arabinose. The rest crops wheat straw, willow and
miscanthns consists proximally 70% of xylese and 209 glucose and 10% arabinose (See Fig 2, the
soluble sugar composition of wet-oxidized crops). The wet-oxidation condition applied in this study
was the standard condition for pre-treatment of wheat straw applied on bic-ethanol production study’.
In the previously study'®, different concentration of oxidation agent, TS, temperature and pre-treatment
retention time was tested on each crop based on the standard wet oxidarion eondition, but the other pre-
iregimnent conditions, either cost iod much energy or the soluble sogar releasement amount too Yow,

350
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Fig.1. Soluble sugar composition of wet-oxidized crops.

3.2 Selection of raw and wet-oxidized crops co-digestion with swine manure at various mixing ratio

After proximally three month's co-digestion of swine manure and crops in a 55°C incubator, the
methane potential of biomasses varied from 220 to 410 ml CH, g-' VSaa (Table 4), the highest
methane potential was deteriined from Raw com stalker-4 and C (410 ml CHs g-' VSaaed), the total
methane production was 84 and 140% higher than digest swine manure alone, Methane potential of
willow, miscanthus and wheat straw was in the range 220-282, 324-346 and 311-329 ml CH,4 g-‘
V8aaeq in the all different TS ratio, respectively.

For wet-oxidized crops, there was a significant of decrease methane potential observed from wet
oxidized corn compared with raw com, and the cause of this is probably due to the inhibitory
compounds releasement during the wet oxidation pretreatment’, the similar results was also observed
from wet-oxidized wheai straw and miscanfhus (Table 4). No significant evidence of inhibition was
observed when the TS ratio of wet-oxidized or raw crops and swine manure at 50:50 or below 50:50°
except wet-oxidized com stalker, when the TS concentration of wet-oxidized com stalker increased to



0.75 and 1 to 1 of swine manure the methanogenesis was stopped. The reason of this is the wet-
oxidized corn sialicer contains higher schuble sugar among the four wet-oxidized crops. Therefore,
when co-digestion this biogmass with swine manure the seluble sugar are quickly convert to volatile
fatiy acids {VFA) by acidogenesis bacteria, the sudden VFA congendration increasing leading the pH
dropped to below to 4.5, the methanogenesis reaction was inhibited by the lower pH 1? This will not
appeared in a CSTR reactor due to the large buffering capacity ™. However, there was a large amount
of CH, increasing observed from wet-oxidized willows, more than 909% methane was obtained from
wet-oxidised-C than from raw willow-C, this is probably because the structure of crop willow are more
woody compared with wheat straw or comn stalker. There are twe major effects on willow after wet-
oxidation pre-treaiment, one i3 the releasement of sugar and other easily biodegradable compounds
from lignocellulose, and another is that the particle size of willow was reduced to under 0.5 cm.
Particle size reduction of the biomass by chipping, milling and grinding can increase the available
surface aree and intracellular component of the biomass and therefore increase the hiodegradabiiity of
the biomass®, However, co-digestion of wet-oxidation pretreated miscanthus, com sizlker and wheat
straw with swine manvre, the methane potential was much slightly lower in comparison with that raw
crop, which was in the range 290-316, 211-360 and 254-275 ml CHyq g-' VS.44e4 in the all different TS
ratio, respectively. Although in some of the case wet-oxidized of these three crops shows the fast
methane conversicn rates, but it was not so encouragement for further investigation due to the energy
consaming of pretreatment. On the other hand, pretreatment of willow with wet-explosion method
increased more than 90% of methane potential, according to the previously study on energy balance
and cost-benefit analysis of biogas production from perennial energy crops pretreated by wet oxidation’
approved that wet-oxidation of willow for biogas production is economically profitable.

In Denmark, the hydravlic retention times (HRT) of most thermophilic anaercbic digester are
operated within 20day®, Therefore, the quality and quantity of the biogas, ie., the increases of
maximum CHj per g-biomass added and increases of perceniage CHy than swine manure, the biomass
cenversion rate to biogas snd methane preduction efficiency m’ praduced per m reactor working
volume per day must take into account when choosing crops for co-digestion with swine manure. 1n all
the raw and wet-oxidized crops expect wet-oxidized corn stalker, at Biomass-A gives the highest
methane production yietd in the term of CHa per g-TS added, i.e., best biogas yields and less crop
demand. Biomass-D shows the highest methane production rate in the termt of m® CHy per reactor
working volume per day, i.e., best volumetri¢ reactor productivity and large crop demand also bigger
amount of fertilizer. Basis on the cumently resnlts alse it shows that co-digestion raw or pretreated
willow with swine manure at day 20, the methane potential reached more than 90% of total bicgas
production, i.e. highest biomass conversion rate and {ess operafion cost. For the rest of raw or
pretreated crops, it was around 80% but high methane prodection per reactor volume per if the HRT is
20 days.



3.3 Continvous co-digestion experiment

Co-digestion raw wheat siraw and swine manure in 2 CETR reactor was divided into two phases,
phase one, co-digestion raw wheat straw and swine manure was at TS based ratio §:1, and phase two at
1.5:1. The whole experiment was completed in 415days, which was approximately 27 retention times,
of which 17 retention times was used for phase one and 10 retention times for phase two. The reactor
performands in tenms bivgas and methane production, volatile fatty acids and total and volatile solids
coticentration is shown in Figs 2-3, respectively (samples for VFA and solids determination was
collected only after day 75, when biogas production was established in the system). The steady state of
plise one was reachad afier 15 retention times, which was mainly atiributed to machinery failures. The
TS and VS conceniration in the interior and effluent of the reactor were the same throughout the
duration of the experiment. This indicatzd that there iz no accumulation of solids eceurred inside the
TEACLOT.
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Fable 4:

Resufts of methane potential test on different crops at different co-digestion ratio with swine manure.

Total methane porential

Short-term methans

gotential
% CH,
Duration mlCHy o % of total CH, prndme_:da’m:’
Substract a ofthe  Total CHy  perg- per g-TS increasad than % of total working
bafch  production W added SWine manre day 20 volumefday
assay added” alona {HRT 20
days)
] 21:0.5 0 0 D 0 )
Contrd 75 14043 36284 23043 o 87 0.25
A 18743 28243 27713 34 a3 0.37
_ B 19842 2583 2533 41 97 Q.40
Raw wilow 318+2 25112 24842 56 90 0.44
D 45 13745 22087 21612 6o a0 0.47
A 33344 33583 5213 66 a7 0.47
o nﬂi 4 B 26453 3284 31534 38 99 0.53
eellow c 30282 33323 32033 116 80 0.60
D 31345 277+2 2662 124 g2 0.63
A 2103  324¢3 31613 50 35 0.42
Raw B 24841 33445 32445 77 76 0.50
miscanthus ¢ 29043 246:1 3361 107 67 0.58
D 55 35782 3462 33612 155 62 0.71
A 19543 23846 2286 19 71 0.38
m"{':?zt; g B 22253 23584 226+4 59 59 0.44
mistanthus  © 263+3  248:5 23015 28 83 0.53
» 33745 25944 24844 141 80 0.67
A 2573 410t3  394%3 24 24 0.51
Rawcom B 27583 47845 36315 96 23 0.55
stalker ¢ 33645 AM0E2 39442 140 70 0.67
D o 30123 38523 37043 179 59 0.78
Wet- A 2112 26028 25148 51 88 0.42
oxidized B 20122 2114 205:4 44 8g 0.40
corn C E3£3 433 47+3 -55 25 0.13
gtalker D 4141 17471 1611 -71 1Y 0.08
A 20042 32083 298:3 43 82 0.40
rawsraw B 22433 31144 20044 €0 74 0.45
G J6645 32945 30645 90 78 0.53
D o5 31743 382 20612 126 g2 0.62
A 18441 26143 25123 31 g1 0,37
":‘}9" 4 B 206+1  2548d  244+d a7 75 0.41
ordesd ¢ 25042 27543 26443 79 £0 0.50
D 20742 26612 25510 112 83 0.59

A, B, C and D indicated different TS eatio compositian [see tzble 13, ¥ catculatedt basis on the wriginat T3 and V5 before pretrearment.



pH valve was also measured and it was 7.4 at steady state. The methane production at steady state of
phase oine and phase two was stabilized a1 634 and 1001116 CH, /L active vaolume/day, which is equals
o 222 and 271L CH; per kg TS fed. The methane production yield increase of phase two than that of
phase cne was probably because the carbon source and nilrogen concentration (C/N} were more
baianced than a phass one. A similar study form Li et al. (2009 reported that co-digestion corn stalker
with cattle manure at four mixing ratic (manure/corn stalks: i:1, 1:2, 1:3 and 1:4} for biogas
production. The highest methane production yield was obtained at 1:3 from their study. Another study
from Wu e al. (2010)7 reported that co-digestion swine manure with wheat straw C/N ratio
{marre/wheat straw: 16:1, 20: { and 25:1), the C:N ratic of 20:1 was found gives the highest methane
production yield. Based on our batch methane potential experiment, digestion swine manure alone with
6% TS (as average reprehemsive value) for 153days give approximately 232ml CHy per g-T5 added
which equals about 14 m”® per t of swine manure (section 3.2). This is also consistent with the expected
10-20 m’ of CHy per t of swine manure treated according to Angelidaki and Ellehaard (2003},
However, from the presend experiment study it can be concluded that add 60 and 90kg-TS of strawto a
swine manure CSTR reactor which is operated at 15days retention time will results in 92 and 192%
increase of methane produced compared to that expected manure alone, respectively.

3. Conclusions

The results of the present sindy has ensured that adding carbon rich crops to the co-digestion
process with swine manure can inereases the methane production signtficantly, Wet-oxidation pre-
treatment of crops indicates that the soluble sugar content of each tested crops can be increased after
pre-treatment, but intent for higher methane production was only oceurred in willow. Among the four
tested crops, willow has the fastest comversion rale to biogas, more than 90% of fotal methane
production st day 20t Even though raw miscanthus, comn stalker and wheat straw has lower biomass
conversion rate, which was varied from 60 to 89% methane produced of total methane production at
day 20, but since these crops has much higher methane potential when they co-digestion with swine
manure, the total methane production per m® working volume per day was still higher than raw willow,
The methane potential in the term of ml CH, per g-V§ added was not significantly influenced by
changing the amount of crops in the range of 0.2 to 1 g-VS of crop per 1 g-V5 of swing manure. Co-
digestion swine manure with wheat straw ingdicate that supply 60 to 90kg-TS of straw to a thermophilic
swine manure reactor which is operated at 15days retention time and 6% TS concentration of manure
will increases the total methane production 92 andi92%, respectively.
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ABSTRACT

H Ustermiahl

Pererla crops need 1ar ess svtergy (0 ot require fess feringer and pesoldes, ang show a
loweer negatie envIFTAmental iMpac! CormEaTed Wi annual oops ke for asgmple soer This
makes the cultheation of perennial cmps 85 BRergy Crps more sustalnable than the use of &gl
crops. The converslon nto blogas it anearctac digeston plants shows howewsr much [ower
specific methane yisids for e raw perenmia crams Bee miscantiney and vnBow due 1o ther
[astelosic structura Whthout pretréatment Fie et ervr 2y 2RI S therefore Kwer for the
perenmels than for corn. When apphang wet oxidanon o e perennial trops, however, the
speciic methang yiskt increases significantly and the rato-of energy autput v input and of costs
1 benefit for the whole chan of hlomass supply and comeersal Imo Blogas becomes nigher than
for oo, This will make the use of perennial Craps a5 enengy rong COmPemtive 10 e s of 0o
anid this combination wall make e groduction of biogas Frem eR&ngy Cnaps more sustaimable.
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MTROTUCTION

Anacrobic digestion of energy crops has in recent years
expanded exiensively throughout Europe, Especially in
Cermany where 4 miitimumn price is guaranteed for clectri-
gity genérated from renewable eciergyr reaaditves, large areas
of agriculharal land are coltivated predominantly with cam
for energy prodoction in biogas plants. Annoal crops like
ot are, however, culoires that need sigmiflcant enengy and
Fertilizer input for their growth. It has been recognized that
perennial coops like miscanthos, switchgrass, ard willow
take far less energy 1o ptant (seen cver the whole erop Life-
time) and o citltivate and require less netriens and pesticide
supply (U.S. DOE 20065; European Environment Agency
2007} At the same time, their annual solar energy conver-
sion efficiency 18 often Righer than thal of annual plants dee
tn 2 longer geowing sesson. Furthermaore, perennial crops
Ao 0 21RE ] 2008 S
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provide a better environment for more diverse wikdlife
hebitation (U.5. DOE so006; Semers & Slater 2007), and
mduce nuirient losses (Aronsson & Bergsirom  2001;
Jorpensen 2o05). These factors increase the sustainabiliby
of eultivalion of perennial crops and make perennial crops
faverable candidates for energy production Eom Momass in
the long run. The microbial degradation of the mw
perennial crop biomass and it microbial conversion inda
for eample biogas is, however, Emited sines these crops
conzist of lignocellnlose. Therefare, a suitable pratreatment
iz needed io break the lignocellulosic struchire and make
the embedded sugar polymers biocavailable. The wet
axidation pretreatment is a thermal pretreatment method
under high pressure with addition of oxygen. Wet oaldarion
bias been succescfully applied for the pretreatment of
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lignocellulosic kicmass for subsequent bicethanol EBrmen-
taticn (Lissens of @l 2004a), and has been tegted for the
pretreatmeent of different organic waste Gactions for sub-
sequent anaerobic digestion (Lissens 2f afl zoo4b). This
prefreatment method has heen further developed ot
BloCentnmm-LT) for ireating biomass at bigh dry mater
concentration and with a subsequent pressure relegse
(flesh); therefore this pretreatment method is alao denoted
wet explosion. This pretrestment method has previously
been applied for inzreasing the biegas yield of manure fibers
showing that the process has its highest potentiat for
treating concentraied lignocellulosic biomass (Uellendahd
et al, 2027). The conbination of wet oxidetion sogether with
acid prespaking and enzymakic hydrolysis has shown that
&% of gluccse and 35% of xylose can be released fom
miscanthus for the subsequent conversion inte bicethanc
(Serznsen & al 200¥), hMost recently the wet oxidation
pretreatment has been applied for enhancing the degrad-
ahility of differcnt perenaial crops in ovder to increase their
bingas vield. For enecgy crops like miscanthus the pretrest-
ment efficiency is velated to the Jagree of lipnification of the
plant, whick 1z highly depetdent on the barvest fime. This
paper compares the energy balance and cosi-beneflt analysls
of the perenrtial erops with the enetpy balance and cost-
benshit anabysis of com as 3 fypical aonoz] cnsgy oop.

MATERIAL AND METHODS

The cnergy balance and cost-benefit analysis for perennial
etergy oo petformed 10 this stedy implics the whole
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chain of plarmt cultivetion (field preparation, planting,
fertilizer and pesticide application), harvesting and conver-
gsior of the plant material at a contralized biogas plant
(Figizre 1). This enables the comparison of the cosi-bensfii
of perepnials to the annual crop corm, the efect of low and
high yiclding perennial crops and to evaloate the cffed of
the addtivnat wet oxidafion preteestment. 1o order to
compare the different seenatios independent of the market
prices an energy balance has been developed in the first
place, based on the enetyy inpuat of esch cultivation and
process step and the Inal output as hlogas, respedively, The
cost-benefit analysis 15 performed based on the prices for
seedls, fertilizer, pesticides, aoil application and transpor-
tation and for clectticity safes prices from bisges in
Denmark, These coats and sales prices are aleo applisd for
those scenarios with higher omass yields as achieved for
example in Southern Germany, The energy inputs and eosts
for the culdvation sre directly given as kWh/ha and €ha,
respectively, Plant propagation and franspartstion is only
taken into areount a5 cost factor, not for the energy balance.
The energy input and costs for the biogss process and
the pretreatment are caleulated ae EWhha snd £z by
cormbining the process input/eosts in KWhA-TS, and £4-TS
with the respective ¥ields of energy crops (TS ha).

Eneray input angl costs for plant culivation

The energy input for the fertllizer usad for cultivation of the
diffzrent crops is based gn the different fendlizer peeds of
cech crop and the speclfic anergy needed o produce 1 kg of
the speecific ferflicer (Table 1), The encrgy tnpid for the

Pesed e apploalion (M
5 Hurvast (£Wh, €] “""""' thTdml W{gﬁhﬁ% i
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different steps In plant cultivation and harvest 13 displayed
in Table 2. Tor com the nembers are based on calculations
by Moller of a6, (2008). For the caltirdon of willow the tolal
emergy input for the cultivation over the whole eulfivation
prriod given by Heller &8 4l (2003} i divided by the total
cultivation period. The input for miscanthos is estimared
from the dats on corn and willow, Cost calenlations are
baged on cwrent prices in Denmark for seed, fertilizer,
pesticides and fue] for machinery used for field preparation.
The data are valid at crop yields of 10=15 ton dry mabter per
ha At higher vields bodh energy uee and coste for harect
and transport will increass,

Enecgy Inpurt and costs For biogas process and
pretreatment

The energy wied for the operation of the biogas plant and
for the wet oxidation pre-treatment 3¢ dizplayed in Table 3.
The caictlarions for the pre-ircatment are based on the
treatment of 20,000 ton s0lid bicmass per year. The energy
consumption per ton of solid biomsss will be lower for pre-
treatment installabicns with & higher capacity. [nvestment
costs are pot regarded for the biogas plant which is 2sseumed

Table 2 | Ermrgy e k¢ (fo0 Culmealion and Firuse

Gary'  Mlecanthast  WIRost

Frzld preparafion MIthatyear 933 100 300
Flanting Mlrhafvear 108 1060 100
Fertilizer application ) /hafyear 12 12 50
Pesticide applicalion  M)/hatfyear 103 pit ax
Hervest + transports  M)shatyear 1,795 2,190 1,150
Taotal M hadpear 3016 2487 1405
bl et &l 12030

+2 yesrs o MuaEon
EHader ¢ & (AOECY). 33 waars culfwakian
Y LaoamEss yields acheved n Denmark

hinstencen o af [A0F

as pre-existing Investment costs for the wet oxidation
prefreatmend have béen estimated bo 725,000 € {Christenzen
ef af. zooy] for equipment with a capacity of 20,000 ton solid
biomass per year. The payback time is set to 10 years,

Eiomass yletd and energy output from Blogas
productios

The encegy cutput per ha from the conversion of the crop
inth biogae depends on both the growth vleld of each cop
it the field (Table 4) and the biogas yield achieved in the
hiogas process (Table 5).

The anticipated crop vields are those achieved or
expected under practical conmerdsl conditions 2nd not
yleids from controdled experiments, which ate itcn 10-30%
abova yields in practice (Venendaal ef 4. 1097), Miscanthes
for hipgas convemion is caperied harvested in autwmin with
a hgh water contert &nd app. 3% higher dry matter yigld
than at spring harvest (Jargarsen ot af, 2003, Lewandowski
& Heinz 200%). Finally, the degree of Tignificalion s Jower
for earlier harvest times thereby enhancing the microbial
degradahility under anacrebi¢ condifions. For compartson
of the effect of higher crop vields the bipmass yietds achie-
ved in climale with a higher averapge temperature than i
Denmark were taken. Averase vields of 255 =DM/ ha were
achieved for Miscanihus » ggentens genotypes in Held
trials harvesied in autumn in Southem Germany following
the third growing season (Clifton-Brown & Lewandowski
2002} These yields were achlevad without frdgation and
with application of the same amount of fertilizer as used
in Dienmark (Table 1), Por the present cost-benciit analysis
a 30 lower value was anticipated under commercial
conditions. This value was also anlicipated for corn foy
regions with higher average temperzlire,

The biogas yield per ton of orpanic matter {volatile
solids, ¥8) is influenced by the pretreatment. The different
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methane yelds per tan of organie rmakter with and withont
prefrealment are turrently investigated The preliminary
results are glvenr In Table 3 For these expenments
Miscarilas & gigantens was harvested in aviumn, The wet
oxidation provess was opilmized for achieving the highest
increase in biogas yieid at low process operation Costs
For the bicgas vield achicwed per ha of cultvated land it
iz taken intc account that part of the crganic matter is
ooidized during fhe wet oxidation process, reducing the VS
cantent by 5%, The benefit from the biogas production ls
calculated as net electricity production with 40% efftciency
of electricity production in a combined heoat and power
plant. The sales price for electricity produced from biogas is
fived al 0. 50 €/KWh 1o Denrrrark from 2008, For calenlation
of the net energy production the ensrgy consumption for
apetatinn of the bisgas plant and pretreatment is subirzeted
Trom the (otal energy production.

RESULTS AND DISCUSSION

The regulis ave distinguished berween energy in- and oElput
and cost-benefit for the biomass supply and the biogas
producdion for the different energy crops. For the encrpyr
balence the snetgy necded for cullivalion, hervest and
teansport s takien as inpat and the todal energy output in the
form: of methans in the biogas plant is taken inlo aceount
Pot the cost-beteflt analysls calenlalhons are based on the

kenefit from electicity prodiced from the biopas and the
vosts for eultivation and harest by the lrmer and the coets
for the tansport of the hatvested biomass by either of these
tio panters. Any kind of further profit s not inctuded in
these calowlations Therefore, this model can only directby
be applied for scenarios where the biogas plant together
with the CHF unit is camed by the farmets.

Energy halance

The energy In- and euwtpnt and net energy gein for
cullivation: and biogas production from the different encrgy
crops with and witheut pretreatmant is displaged in Tabla 5,
The energy input for cultivetion and harvest 35 22% for
miscanthus and 549 for willow of the energy needed for the
growth of com in Denmark, The cnergy input needed for
lmosportation of the harvesied biomass to the biogas plant
andd for processing at the biogas plant is lower for blomass
with & higher diy matler concentration. These values arve
thewefore lowest for willow. The encrgy input for the
bicmass supply increases with higher biomass yields due
ta higher eosts per ha for pansportation of the hanvested
bioimass and treating it &t the bbogas plant. The energy input
for miscanthus compared 1o com with the same higher
biomass yield is slightly lrwer due to aslightly lower energs
tnput for harvesting 1 ton af miscanthus, Due to the
significantly lower use of fertllizer far the two perennial
ciops the energy taput for the fertillzer is o miscanthus
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Energy input
Cultivalion + harvest™ W Eha 084 060 045 11X 094
Pertilizer — produstion + teonapird MW/ ha 243 156 158 243 136
Biogas plam MWh 1.73 Lgz 113 305 228
Prevreatment [oporation) bMWWhiha 0.as 1 08 g0s 003 .08
Totd nput + pretreatirert o Ny 0o irs 313 682 465
‘Energy cutpul
Tl MWWhrha 3604 2336 1285 63,60 1567
MNet energy gadn MWhthe .02 2168 1947 G605 3110
Chutput/input GG 7.2 60 i3 a5 74
With pretredtment
Tatal tWhiha 3425 4337 3555 &0 50 £1.00
et enetpy gain WWhsha B 3064 543 3365 55 34
Cratputsinput GIG] 65 ER R 123 59 131
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and willow only 56% and 2%, respectively, of the energy
needed for the fertilizer yzed for com culfvation, The
energy needed for the wet oxidation pretreatment is about
1-2% of the energy needed for the blomas supply and the
operation of the biagas plant

Witheuk pretreatment the nel energy gain is 4 3% and 254
higher for corm than for miscantinis under Danish standarg
wlelds and high yielding conditions, respectively, duc to the
lower methane wields of the raw miscanthus, The net energy
gain for willow is lowvar than for oorn due to ite lower biomeass
vield. Supplying the hiogas plant with raw material withoirt
prctreatment the energy cutput/input ratin i accordingly
higher for corm than for miscanthns and willowe.

Applving the wet exidaton prefreatinent the methane
yicld of the perennial crops = significantly higher and the
net energy gain and energy outputdivput ratio becomes
sfgnificartly higher for the perennial creps compared to the
untreated com for biomass yields achieved in Demmark.
This shows that the pesitive effect of increasing the hioges
yigld for mlscanthus and willow Guotgh the wet oxidation
prefreatnzent is rouch higher than the additional energy
Tnput needed for fhe pretrcatmient, It can be calewlated tizat
an increate of the methane potential from 200L-CH, M-
V8 to 211 L-CH,/kg-V5 would be sufficient 1o cover ensrgy

input and lose of volalile solids duting tha pretreatment.
According to these calculstions corn should not be
pretreated by wel asddation sibce 15 specific methane
yield per kg-¥5 5 not increased but the pretveatmcnl roslts
in a Toss of organle matter and thereby a loss of biogas yield.
With the same higher biomass ields for miscanthus and
oprn i Southern Europe the net cnergy galn for pratreatad
miscanthis is almost as high 2& for unireabed com and the
energy owlput/input ratio is rémarkably higher for pre-
treated miscanthuos. IE miscanthus is not prereated the net
eneTgy gain and the energy owlpat/input rado i lower for
miscanthas than for com. For the non-reated willow, the
energy cutput/input eatio is, however, as high as for corn,
which s mainly because of to the lower transportation and
processing costs of willsw due to its higher dvy maiter
concentraticn.

Cost-hensfi: analysis

The costs for the biomass supply to the boegas plant and the
benefit from electreity production at the bogas plant
combined with a combined heat and power (CHP) plant
is displayed in Table 7. The cogte for field application of the
differerd energy crops are about the saree. The material
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Cozis
bialerial (Seeds, fenilizer, ensilage plastics, pesticides) Erha £ 453 £ 148 €142 £ 483 £ 148
Applicativn (machinery + fuel) £ha B 435 £ 430 €430 E 435 £ 430
Transpoet* t/ha £ 492 £ 456 £319 EST0 £ 542
Totel €'ha £1411 E 1033 £ BG E 1,750 £121%
Pretreatment - invesimenl E/ha €122 E 122 £ 122 E F22 €112
Benehit for hisgas phant
MNet el Producilon (40% ef ) W ha 1406 9 EZ ETS 24 86 1591
et benebt €ha -E5 —£ 51 ~£ 18 £ 657 E 152
Trutput/input EfE 100 .55 055 139 113
With preireatment
Met al. Prodoction (408 e} KIWhihg 1334 1742 1520 2353 B
Pt benesfit £'ha ~E 199 € 47 £ 502 € 447 £ 1,053
CRnput/input € 08T 147 149 123 179

“For 1537 averape distance ta bagas piant, prce 1o ranaportaoen. 1 COEt

cusls for the cultivation are however only about ane thind
for ihe perennial crops mainly dus o a lower need for
fertilizer and pesticides. While the coats for field application
amd materials are assumed independent of the biomass
yields, frangpartation coste of the harvested materizl will he
Yarger with higher biomazs Welds, tat lower per ton of dry
matter for hiowass harvested with a higher TS content

Fov moderate biomass yields and an average distance of
15km to the biogas plant the trnsportalion costs will be
about as much as the costs for feld application, but ey
becore 1he laygest cost fartor for lonper distances and
higher bipmaza yields. The transportalion costs for willow
are Iowest becasise of its high dey matier concentration. The
investment codts for the pretrextment ave relatively high and
&re between T and 149 of the biomass supply costs, 1 s
assumed fhat the investment costs for the pretreatment (in
£/ha) are indapendent of the biomass sield per hactare since
the investiment costs per ton treated material will be lower
for higher trestment capacitica

Taking only the benefit fom electricity sales into
accaant the cafculations show that for relatively low
blomass yiedds as achieved in Deamark there (5 no net
benafit neither for com nor for vntrezted miscanthus and
willgay. Withgot treatment the net benefit becomes oy

positive for higher biomass yviclds, and is much lower for
untreated miascanthis than for untreated com.

For pretreated miscanthua and willow, howeyer, the net
bensfit from #lectricity produection wis biogas from the
perennial enetgy craps hecomes positive even for the
binmass yields achieved in Demmark Ako for higher
Bigmass yields a5 in Southern Germany the wet benefit is
bigher for the perennial crops thew for com sinee the costs
for cultivation are much lower. Both the net bengfit 2nd the
benefit!cost ratio are highest For the pretreated perennial
etops ax Righ biomass wields. The benefit/cost ratios ate,
however, much lower than the energy outputfinpul rates
for the current materal and energy sales prices.

CONCLUSIONS

‘The perennial crops miscanthus and willow have a much
lpwer specific methane yield than corn when treated under
anacrobic eonditions without pretreanment, The net energy
gain 13 therefore lower for the perennials tharn for com used
25 eneygy crops in & bioges plant without applying any
pretreatment. lncreasiog the apemfic methane yisld of
Hgnecelulode Momass ke milscanthus and willow by the
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wel oxidation pretreatment does, however, mcrease the
methane yield signlficantly and the ratio of energy cutput to
input and of benefit to casts of the whole chain of biomass
supply énd conversion into biogas is higher than for com.
Indeed, for bivmass yields achieved i Denmark, ondy the
conversion of perenmial crops via wet oxddation end Bogas
achieve a pogitive met benefil from elecwicity sales This
shows that prefreabment of riscanthus and willew is
essentizl for making their vse as energy crops For Bingas
production competiive to the tse of ¢nrm, The prelteatment
wiil enable the economically competitive use of perennial
crops which have a lower environmental impact daring
cultivation and are thereby mere sustainable,
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Abstract

Biological ensilage with and without additives i.e., lactic acid bacteria were tested on willow and
miscanthus substrate for their effect on biogas production and preservation of volatile solids content. [n
general, ensilage of willow and miscanthus with addition of biological additives had ne significant
nfluence on the bicimass losses compared to that without addition of the additives. During ensiling
process, the amount of biomass losse could be controlled under 2% and 3% for willow and miscanthus,
respectively. Ensilage of willow as pretreatinent method could increase methane potential. Taking the
hiowass losses into account, methane production from willow was increased by 129, 229 and 22%
after ensilage for 1, 3 and 5 months, respectively, compared to fresh willow. Ensilage of miscanthus
gave ne significant increase in methane production ¢ompared with fresh miscanthus. Moreover, due to
biomass losses, the fotal methane production from silage minscanthus after 5 months was 3% lower
than that from fresh miscanthus.

1. Introduction

As a technology for renewable energy, anserobic digestion of different organic materials for
methane production has i recent years expanded extensively throughont Europe, as methane can be
used in replagement for fossil fuels in both heat and power generation as well as a vehicle fuel. In
Germany, the fastest growing sector of bio-farming has been in the area of renewable energy crop on
nearly 500,000 ha land (2006)°. This rapid growth has occurred only with substantial government
support, &s in the Germany bonus system for renewable energy. However, large areas of agriculture
land are cuitivated predominantly with com for energy production in biogas plants’. Annual crops like
corn needs significant energy and ferfilizer input for their growth. On the other hand, perennial crops
such as willow, switch grass and miscanthus have been recognized to require much less energy to plant,
cultivate and nutrient. At same time, their annual solar energy conversion efficiency is often higher
than that of annual plants due io the longer growing season®. Furthermore, culfivate perennial crops can
provide a better envitonment for more diverse wildlife habitation and reduce nutrient losses ® ¥, These
factors increase the sustainability of cultivation of perennial crops and meke perennial crops favourable
candidates for energy production from biomass in the long nn. However, the efficiency of methane
production from lignocetlulose craps can be limited due to low biodegradability of the lignocellulose.
The destruction of the lignocelluosic structure wili release the sugars contained in biomass and
therefore increase the amount of organic matter converted to methane,



It recent years, several pretreatment technologies such as steam explosion'', wet oxidation'* '” and
hydrothermal treatment' have been used for the prefreatment of lignocellulose biomass mainly for
ethanol production. All thoss pretreatment method require large amount of electncity or chemicals.
Therefore, investigation on low energy or less chemical requirement pretreatment methods is
neCcessary.

Ensiling is a biological process that has been used to preserve forages for animal feed for centuries.
in the ensiling process, the soluble carbohydrates contained in biomass undergo lactic acid
termentation;, this reaction will leading te a drop in pH and to inhibition of the growing detrimental
microorganisms’, at the same fime the acidication produces intermediates for methanogenic
fermentation, In this way the emsiling process can be considered as a pretreatment which
simultaneously has potential to promote methane production from plant matter'®, Previously, study
from H. Vervacren et al, ® reported that ensiling of maize for 7 weeks influence the methane
production per VS it subsequent anaerobic digestion by up fo 22.53%. The methane potential of silage
rye (3 months), sugar beet tops (3 months) and maize (4 months), increase more than 20% comparad to
that fresh crops ' '* ™ but studies on ensilage of perennial crops such as wiflow or miscanthus for
methane production are very limited.

In the present study, biclogical ensilage (with and without additives) of perennial crops willow and
miscanthus as prefreatment to increase the biogas production was investigated. The efficiency of the
ensilage process was evaluated based on (a) the biomass Jost amount during the ensilage and (b) the
methane potential of the silage ¢rops compared to that fresh crop.

2. Material and methods
2.1, Substrate and inoculua

Perennial crops willow and miscanthis was harvested in the middle of December from southern
part of Denmark. To minimyize any handling losses, the crops was freshly chopped with a hammer milt
to particle size of approximately 3-5 cm and immediately processed for ensilage. The inoculua used in
this experiment was obtained from the effluent of a 7-1 lab-scale thermophilic anaerobic reactor which
had been in steady stage and used for treating swine manure and straw.

2.2. Apalytical methods

Total golids {T%) and velatile solids {VS), kieldah! aitrogen and NH,-M were measured according
to the standard methods (APHA, 1989). Methane was quantified with a gas ¢chromatograph (Shimadzu
GC-8A) equipped with flame ionisation detector and packed column {Porapak ¢ §0/100-mesh). pH
was measured by diluted biomass with willipore water at concentration 1;1 {w/w).

The composition of the biomass was measured by strong acid hydrolysis of the carbohydrates.
Dried and milled samples {160mg) were treated with 72% (w'w) Ha804 (1.5 ml) at 30°C for 60



minutes. The solutions were diluted with 42 ml of water and antoclaved at 121 *C for 60 minutes, The
hydrolysates were filtered, and the Klason lignin content was determined as the weight of the filier
cake subtracted the ash content. The filtered (5ml) were mixed with (.50 g Ba{OH): 8H:0 and after 3
rirutes, the samples were centrifuged with approx, 3000g for 5 minutes. The recovery samples of
glucose, xylose and arabinoss were determined by standard addition of sugars to samples before
autoclavation. The sugars were determnined afier separation on a HPLC-systern {Shimadzu) with a
Rezex ROA column (Phenomenex) at 63°C using 4 mM H;80; a5 ¢luent and a flow rate of 0.6 mi/min,
Detection was done by a refractive index detector {Shimadzu Corp., Kyoto, Japan}. Conversien faciors
for dehydration on polymerizafion was 162/185 for glucese and was 132/130 for xylose and arabinose
(Kaaret al., 1961; Thygesen et al., 2005) >,

2.3 Ensiling process

Willow and miscanthus was chopped and mixed with and without Biomax Si (Chr. Hansen A/S,
Denmark) forage additive containing lactic acid bacteria (stain of Laciobacillus Plantarim, to confirm
stable silage produciion). 1 g of powder of forage additive was dissolved in 10 liters of water and
sprayed over raw biomass samples in the amount equal 40 ml per 1 kg of biomass, Subsequently, the
bicmass was homopgencusly distributed into several 2L plastic bags and 100% vacuwurned by a vacuuin-
packing machine (Model MVS35, Minipark Torre, UK), and 0.1L of CO» was pumped into the bags fo
ensure the bacteria was not stressed. 1 kg of chopped willow and miscanthus without additive and were
prepared ms fresh biomass control, respectively. All the packed biomasses and conirols were Kept at
room temperature for 150 days. Sample for characterization and batch test was taken at day 0, 30, 90,
arnd 150 respectively. The biomasses were weighed before and afier silage to determine the changes in
biemass during the storags,

2.4, Methane potential of raw and silage treated willow and miscanthus

The sample of willow and miscanthus for methane potential tests were taken from day 0, and after
silage day 30, 90 and 150 respectively. The tests were carried out in triplicates in 117 ml serum vials.
An amount equivalent to 0.5g-TS of biomass was added as substrates together with 20 ml inoculum.
Triplicate vials with no substrate added served as contrel. The headspace of the vials was flushed with
mixture gas of 80% N: and 20% CO» before sealed with butyl rubber stoppers. The vials were
incubated at 55°C and the methane potential was calculated as the volume of methane produced per g
of added volatile biomass after being normallized to the amount before silage. Thus the suitability of
the silage as a pretreatment method for the enhancement of methane production was assessed.



3, Results and discussion
3.1 Characterization

Willow and miscanthus were stored as silage with additives containing lactic acid bacteria (stain of
Factobacilles Plantarym, to confimm stable silage production) for 1, 3 and 5 months at room
temperature {approx. 20°C). The raw and silage biomasses were analyzed for several parameters to
characterize the hiomass (Table 1).

As can be seen, the pH of the fresh willow and miscanthus were similar which was 6.5 aml 6.7
respectively. Whereas afier ensilage, the pH ranged from 4.2 to 4.7 with willow and from 4.0 to 4.4
with miscanthus, no significant changes of pH were found between 1, 3 and 5 months silage in both
biomasses. The TS and V8 concentration of the silage crops were in general the same with fresh crops
in both crops (Table 1). The fotal biomass loss was calculaied by subtracts the weight of biomass
before and afier silage. In general the biomass losses for willow and miscanthus were kept below 2 and
3% respectively, the highest biomass losses was occurring from miscanthus after 5 months silage
which was 2.5% in both with and without additives bags {Table 2}. Concentration of total-MN in fresh
crops was 4.7 mg/g-TS in wiliow and 7.5 mg/g-TS in miscanthus, and they changed little during the
silage (4.38-4.87 mg/z-TS in silage willow and 7.21-7.77 mg/e-TS in silage miscanthus), The
concentration of NHs-N shown in (Table 1), indicated that afier silage the concentration of NHy-N was
slightly higher than fresh corps in both willow and miscanthus{0.66-0.78 mg/g-TS in silage willow and
0.90-1.02 mg/g-TS in silage miscanthus) {0.58 mg/g-TS in fresh willow and 0.89 mg/g-T5 in fresh
miscanthus), the highest increase was found in silage willow without additives after 5 inonths.
Concentration of lignin in fresh willow and miscanthous was 29,5 and 26.4 g/100g-TS respectively, it
was little lower in silage biomass (27.5-28.34 ¢/100g-T5 in silage willow and 25.7-26.14 ¢/100g-TS in
silage miscanthus). The concentration of total carbohydrates in both crops was significantly high, 54.4
and 38.5 g/100g-TS of total carbohydrates was measurad in fresh willow and migcanthus, for silage
wilfow and miascanthus was in the ranged 52.9-54.3 and 56.3-39.1 g/1002-T5 respectively. Moreover,
soluble sugar such as fructose, glucose were found to be low or below detection. The concentration of
inorganic compounds such as ash and minerals was uvader 20% in both crops. In general,
chatacterization results of silage sample with additives were similar with that sample without additives,
no significant advantages were observed in both crops (Table 1).

3.2 Methane potential test

The methane potential of fresh and silage substrates were determined in 50 days batch assays at
35°C (Fig.1}. The methane potertial of fresh willow and miscanthus was 141 and 187 ml CH, per g-
V8, respectively, The methane potential of all silage willow was significantly increased comnpared with
fresh witlow, the highest methane potential was found in willow silage with additives after 5 months,
which was 177 ml CHy per g-V5 added, take 1.7% of lomass lost Info account equels to 175 ml CHy
PeT 28-S ongna, and the total methane production was about 23% higher than the fresh willew. Ensilage



willow with and without additives had slightly different effects on biomass losses and methane
production, but in general was the same, bicimass lost more with ensilage period increases, 1.6-1.9% of
biomass was lost during 1 to 5 months ensilage pericd in willow withowt additives and for willow with
additives was 1.3-1.7%. Taking the biomass losses into account, the methane potential of silage willow
witheut additives was in the range 161-176 ml CH, per g-VS oppp), and the total methane production
was about 12-22% higher than the fresh wiliow. The total methane production of silage willow with
additives was about 18-23% higher than the fresh willow (Table 3).

On the other hand, the methane production results of silage miscanthus shown there was no
significant methane increases was determined in both silage miscanthus with and without additives.
And the biomass losses were in generally higher then willow, Especially after 5 menths ensilage, 2.5%
of biomass was lost in both with and withoul additives conditions. The methane potential of all silage
miscanthus was ranged 186-194 ml CH, per g-V5 added. But take the biomass losses imto account,
methane production froim ensilaged miscanthns with additives can be 3% lower than fresh miscanthus.

According 1o our results, willow and miscanthus can be stored as silage at room temperabure for
several months without significant losses in biomass, The total biomass can be controlled lewer than
3% for both crop, this value was much lower than annual crops such as sugar beet tops or grass, Outi
Pakarimen et al. reported ensilage grass and sugar beet tops for 3 months, the total biemass can be lost

Table 3. Methane potentials of fresh and silage willow and miscanthus.

Duration  lossof  mICH+/g-VS  mlCH,/g-VS CH,increased

Crop {months) VS %) added originai {%4)
Raw willows fresh 0 ND 141 M 0.00
. . , 1 1.5 151 158 12.06

Wiilow silage without 3 17 177 173 22,70

atdtive)
oS 1.9 176 172 21.99
3 i3 1s8 165 17.63

Willow silage [with

additive] 3 1.5 175 172 22.25
5 1.7 177 175 23.40

Raw miscanthus fresh (1] ND 187 187 0.00
1 1.8 189 156 072

Miscanthus silage

{without addtive) 3 1.8 103 189 1.32
=) 2.5 194 189 113
1 1.2 157 i84 -1.80

tiscanthus sifage {with

additive) 2 2.2 1R% 184 170
5 2.5 156 131 -1.07
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Fig.1. Methane potential test.

m = inaculums, x = willow, * = willow with additives
A= miscanthng, ¥ = miscanthus with additives.

at minimum {9%'. The higher losses of biomasses during ensilage of miscanthus than willow was
apparently partly due to the fact that the miscanthus contained more easily degradable compounds
compared with willow, as shown by the higher methane potential of fresh miscanthus. The similar
results were teported by Lehtomiki et al'. when compared sugar beet tops with prass. However,
ensilation is a complex process, during which several factors are critical like the absence of oxygen, the
availability of readily biodegradable carbohydrates, the absence of inhibitors and ambient temperature
conditions”, Many studies have previously reported vatious crops stored as silage with or without
additives to have equal or higher methane potentials than fresh crops; for instance, with rye and maize,
increases 20 and 25% respectively ¥ bwt if taking into account the losses of VS the true methane
potential was nat significantly high or even lower than the fresh crop.

There were no significant different abserved between ensilage with or without additives in biomass

iosses and methane potential. An increase in methane potential is linked to the degradation of complex
sugar structures (polysaccharides) tn more readily hindegradable intermediates®. However, the methane



potential increases of willow were ocoirred afler | month ensilage, but the higher increases were
oceurrad after 3 months ensilape.

4. Conclusions

The present study shows that ensilage of wiliow and miscanthus with addition of biological
additives has no significant influence on the biomnass losses compared to the non additives. The
biomass losses amount of willow and miscanthus can be controlled under 2 and 3% with ensiling
process, respectively. Ensilage of willow as pretreatment method for methane production can increase
the methane potential. Taking the biomass losses info account, ensilage of wiliow for 1, 3 and 3 months
can increase the total methane production 12, 22 and 22% compared to fresh willow respectively, The
methane potential of all silage miscanthus was range within 181-189 ml CHy pet g-V8 o guw, Silage
miscanihus gives ne significant mergase of methane production compared with fresh miscanthus.
Moreover, due to the higher biomass losses, the total methane production from silage minscanthus after
5 months was 3% lower than the fresh miscanthus,
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Table 1, Chemical characterization of willow and miscanthus before and after ensilage.

Cro Duratlon H 15 (%) VS (%) Tatal-M MH - Lignin Total carbohydrate  Soluble  Extractives/
. (months} ¥ (mefg-TS) (mg/e-TS) (5/100gTS) {g/100gTS) sugar  residues

Fresh willow 0 6.5 48 4102 476102 4.7+0.4 0534003 295104 544412 <l 15
Willow silage 1 47 491404 482:0.3 49403 073003 27.5:0.2 53.9:0.3 <1 18
(without addtive) 3 43  4B2:01 AT.201  46:02 0745005  27.6:0.3 52.7:0.7 <1 1%
5 4.2 483402  47.3x0.2 4.840.2 0.78+03,06 28.040.3 54.240.5 <] 18
Willow silage jwith 1 43 484303 474202  A703  0.604002 28.3:0.4 529503 <1 19
additive) 3 43 48.220.2 47.2:0.2  44:02  0.68:03  27.9:03 532111 <1 19
5 4.4 481431 47.110.1 4.620.3 0.6620.4 27.5H).2 E£38:500b <] 18
Fresh miseanthus a 6.7 Ex.osH3 575+0.3 7.54).2 0804001 264403 Sa5+l3 =] 16
iwithout addtive) 3 41  58B+01 57.0i04 72302 099005 25704 58.3:0.1 <1 16

s 4.3 BR800 50202 7.B£0.2 000004 25,3408 SR.540.3 <1 16 _
Miscanthus siiage 1 40 588103 569402 7607 050003 26.140.7 56.3+0.8 <1 17
(with additive) 2 A2 585102 S6.8403  T6:02  095:004  25.740.1 57.341.2 1 16
) 4.2 8302 556203 7.510.2 1.02+40.02 25706 5o 1Hl.5 <] 156




Table 2. Characterization of biomass losses.

Biomass *
Crap Duration imonth} _Before {g} Afterig) loss(gl loss (%)
1 A00.3 3045 5.3 1.6
Willow silage [without acdtive) 3 400.2 393.8 6.7 1.7
5 1.3 3935 7.8 1.9
1 403 3495.2 51 12
Willow silage (with additive| 3 a00.5 3945 6.0 1.5
5 430.0 3834 6.6 1.7
1 40015 3934 7.1 1.8
Mistanthus silage (withiout addiive) 3 3%8.5 391.2 7.3 18
[ 4007 390.6 101 25
1 400.0 3928 7.2 18
Miscanthus silage {with addithe} 3 400.2 3413 £D 2.2
5 400.6 390.4 10.2 2.5

=Dhaly wag Ihe average of duplicale sample
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